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FOREWORD

The contractor team of the University of Dayton Research
Institute, Lockheed-Georgia Company, and Vought Corporation has
been conducting a program to prepare a handbook for achieving the
force management objectives of MIL-STD-1530A. Task 2 of this pro-
gram was aimed at investigating improved methods with emphasis on
the use of mechanical strain recorders, crack growth gages and
microprocessors as the primary data recording devices. This report
is Volume 1 of the Task 2 final report and presents the results of
the University of Dayton study on analytical considerations in
the collection and analysis of force management data.

The program is being conducted under Contract F33615-77-C-3122
for the Air Force Wright Aeronautical Laboratories AFWAL/FIBEC.

Mr. Robert Engle is the current Air Force Project Engineer. Dr.
Alan P. Berens of the University of Dayton is serving as Program

Manager for the contractor team.
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SECTION 1
INTRODUCTION

Force Management comprises those operations of the Air
Force Aircraft Structural Integrity Program that must be conducted
to ensure damage tolerance and durability throughout the useful
lives of individual airplanes. More specifically, force manage-
ment is the specification and direction of inspections, preventive
maintenance, repairs, modifications and damage assessments
required to economically prevent structural failure and preserve
the strength and rigidity of the individual airframe during its
useful life. To meet the objectives of Force Management, a com-
plex system of data collection, processing, and analysis is
required to provide the necessary information for planning
decisions.

The team of the University of Dayton Research Institute,
Lockheed-Georgia Company and Vought Corporation is under contract
with the Air Force to produce a handbook for achieving the Force
Management objectives. The program is being conducted in three
tasks. The first task was a state-of-the-art survey and is fully
described in Reference 1. The second task was devoted to the
development of improved methods for performing Force Management
with special emphasis on the use of mechanical strain recorders,
microprocessors, and crack growth gages as data recording devices
for the individual aircraft tracking and loads/environment spectra

survey functions. The third task will be the preparation of the
handbook.

This report presents the results of the Task 2 effort. It
comprises three volumes: Volume 1 summarizes the University of
Dayton's effort on general analysis of force management data;
Volume 2 presents Lockheed-Georgia's work on improved methods in
transport/bomber (T/B) aircraft; and Volume 3 presents Vought
Corporation's work on improved methods in attack/fighter/trainer
(A/F/T) aircraft.




SECTION 2
FORCE MANAGEMENT OVERVIEW

To ensure that the service life capability of an aircraft
system is at least equal to its required service life, the Air
Force has instituted the Aircraft Structural Integrity Program
(ASIP). This comprehensive program was established by AF Requ-
lation 80-13 (Reference 2) and is described in MIL-STD-1530A
(Reference 3) and its referenced specifications. The objectives
of the ASIP as stated in AFR 80-13 are fourfold:

1) Establish, evaluate, and substantiate the structural
integrity (airframe strength, rigidity, damage tolerance,
durability, and service life capability) of aircraft

structures.

2) Acquire, evaluate, and utilize operational usage data
to provide a continual update of the in-service inte-
grity of the aircraft.

3) Provide qualitative information for decisions regarding
force structure planning, modification priorities, and
related operational and support decisions.

4) Provide basis to improve structural criteria and methods
of design, evaluation, and substantiation for future

aircraft systems.

Five general tasks have been defined to accomplish the ASIP
requirements for an aircraft system. These are shown in Figure 1.
Tasks I, II, and III are intended to provide compliance with the
basic structural design requirements of the airplane while Tasks
IV and V assess the design capabilities and plan operational and
maintenance requirements to utilize the design potential. Task V
is defined as the force management task to be performed by the
Air Force while Task IV is the design and implementation of the
data package which is required by the Task V decisions. Task IV
is performed by the airframe manufacturer.
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2.1 FORCE MANAGEMENT DEFINITION

The MIL-STD-1530A definition of force management is "those
operations that must be conducted by the Air Force during force
operations to ensure damage tolerance and durability throughout
the useful life of individual airplanes.”" In an effort to obtain
a less qualitative definition of force management consider the
following definitions (also from MIL-STD-1530A):

"Damage Tolerance. The ability of the airframe to resist

failure due to the presence of flaws, cracks, or other
damage for a specified period of unrepaired usage."”

“"Durability. The ability of the airframe to resist cracking
(including stress corrosion and hydrogen induced cracking),
corrosion, thermal degradation, delamination, wear, and the
effects of foreign object Jdamage for a specified period of
time."

From these definitions, it is obvious that damage tolerance
and durability are structural qualities which are designed and pro-
duced into an airframe. Structural tests can measure the airframe
damage tolerance and durability by estimating the periods of time
required for excessive cracking or failure during a typical usage.
It then becomes the task of force management to maintain the
structure during its inherent useful life.

Therefore, another definition of Force Management can be
formulated as:

"Force Management. The specification and direction of

inspections, preventive maintenance, repairs, modifications,
and damage assessments required to economically prevent
structural failure and preserve the strength and rigidity of

the individual airframe during its useful life."




Thus, while the basic objective of ASIP is to ensure opera-
tional safety and readiness of the airframe, the force managément
objectives are to:

1. Prevent structural failure through an effective mainte-
nance program of inspections, repairs, and modifica-
tions.

2. Preserve structural strength and rigidity through an
effective preventive maintenance program of environ-
mental protection and economic repair or replacement
of deteriorating parts.

3. Minimize structural maintenance costs by eliminating
unnecessary structural maintenance actions through
effective application of data on test and operational
failure modes and data on individual aircraft usage.

The following paragraphs present a brief description of the
elements which constitute force management and a discussion of the
interfaces between the elements.

2.2 FORCE MANAGEMENT ELEMENTS

To meet the force management objectives, specific contractor
and Air Force tasks have been defined in MIL-STD-1530A. These
tasks are comprised of the elements listed in Figure 2.

The five elements which constitute the Task IV Force Manage-
ment Data Package are performed by the contractor to provide the
Air Force with the procedures and data required to manage subse-
quent fleet operations and maintenance. To avoid duplication,
the contractor is strongly encouraged to utilize, where possible,
government furnished equipment, facilities, and personnel to

acquire and process operational data during these tasks. It is
intended that performance of Task IV will lead to a smooth transi-
tion into the Air Force operation during Task V.




CONTRACTOR

TASK IV

USAF

FORCE MANAGEMENT
DATA PACKAGE

TASK V

FORCE
MANAGEMENT

Final Analysis

-Initial Update of
Analysis

-Final Update of
Analysis

-Inspection and Repair
Criteria

Strength Summary

Force Structural
Maintenance Plan

-Initial FSM Plan

-Updated FSM Plan

L/ESS Data Analysis

-Data Acquisition
Provisions

-Data Processing
Provisions

-Interim Processing
Services

-Baseline Operational
Spectra

Individual A/C Tracking
Program

-TPracking Analysis
Method

-Data Acquisition
Provisions

Figure 2. Force Management Elements

L/ESS

-Data Acquisition
Procedures

-Data Acquisition
Services

-Training

-Data Processing
Services

Individual A/C Tracking
Program

-Data Acquisition
Procedures

-Data Acquisition
Services

~Training

-Data Processing
Services

Individual A/C
Maintenance Times

Structural Maintenance
Records
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The four elements of Task V Force Management are performed
by the Air Force to provide maintenance planning and structural
integrity information for the remainder of the aircraft service
life. The Force Management elements are keyed to the projection
of maintenance requirements based on individual aircraft usage
and to detect when changes in fleet operation dictate a new dura-
bility and damage tolerance analysis and/or review of analytical
monitoring procedures developed in Task 1IV.

The diagram in Figure 3 indicates the relative time sequence
of the force management elements.

2.2.1 Final Analysis (Force Management Data Package)

The final analysis will update the design analyses to
incorporate the results of the developmental and full-scale tests
and, later, to incorporate the baseline operational spectra. These
analyses will also develop inspection and repair criteria for use
in the force structural maintenance plan.

2.2.1.1 Initial Update of Analysis

During the design analyses, input loads and
structural transfer functions are based on accepted analytical pro-
cedures and empirical data from wind tunnel or other scaled tests.
The final proof of these analyses is the measurement of airframe
response to design load conditions during full-scale testing.
Because of the time required to fabricate and instrument full-scale
test articles and to conduct the required tests, the test results
are not normally available until during the production stage of the
airframe. This data is used to update the analyses prior to devel-
oping the structural maintenance plan.

2.2.1.2 Final Update of Analysis

After the fleet has been operational for a
significant period of time, a baseline operational spectra (in the
form of stress sequences at critical locations) is derived from
recorded operational data. The damage tolerance and durability
analysis will be repeated using the baseline operational spectra
and this assessment will result in inspection and modification
requirements for the airframe and an economic life estimate based
on projected wearout of the structure.

7
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2.2.1.3 Development of Inspection and Repair
Criteria

Based on the analysis, rational criteria
must be developed to guide inspection and repair limits and proce-
dures. The criteria must consider types of material and construc-
tion, reasonable limits of repair, critical crack lengths, and
inspection capabilities to define inspection criteria and repair
procedures.

2.2.2 Strength Summary

This summary will indicate airframe limits and capa-
bilities in terms of operational parameters (airspeed, Nz, c.qg.
travel, and weight). The summary will include a structural descrip-
tion including arrangement, materials, design conditions, damage
tolerance and durability critical areas, and margins of safety.
Backup documentation will be referenced.

2.2.3 Force Structural Maintenance Plan

The force structural maintenance (FSM) plan shall
form the basis for the airframe portions of the TO 1X-XX-6 Aircraft
Scheduled Inspections and Maintenance Requirements Manual, the
TO 1X-XX-36 Nondestructive Inspection Manual, and the TO 1X-XX-3
Structural Repair Manual. The plan will specify what structural
inspections and modifications are required; when they should be
accomplished; how inspections, modifications, and repairs should be
accomplished; critical structural locations; and cost data for
repairs and inspections where trade off decisions may be appropriate.
The Air Force will use this plan for budgetary planning, force
structure planning, and maintenance planning.

2.2.3.1 Initial Force Structural Maintenance Plan

This plan will be based on the design ser-
vice life and the results of the initial update of the final analysis.

2.2.3.2 Updated Force Structural Maintenance Plan

This update will be based on the final update
of the analysis and the baseline operational spectra. Additional
updates will be made any time the force operation uncovers new
critical structural areas or significant change in the operational

spectra. 9
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2.2.4 Loads/Environment Spectra Survey

Since the actual usage of the aircraft may impose a
stress environment different from that predicted during design, an
early assessment of the operational usage is obtained through the
loads/environment spectra survey (L/ESS). This element of force
management consists of monitoring the time histories of the
relevant flight parameters during operational flights so that an
assessment of stress histories at critical locations can be made.
Since the operational usage of an airplane can change, the Air
Force also has the responsibility for reinstating (if necessary)
the L/ESS and initiating an update of the baseline operational
spectra.

2.2.4.1 Data Acquisition Provisions

Responsibility for determining the required'
parameters to be monitored, the number of aircraft to be instru-
mented, the length of recording period, and the instrumentation
system belong to the airframe manufacturer. Since data acquisi-
tion begins with delivery to the Air Force of the first operational
aircraft, the L/ESS program should be initiated during the design
and development phases. This initial planning will provide an
efficient deployment of the sensors and data recording devices on
the aircraft. Depending on aircraft type, intended usage, and
critical points, the instrumentation system selected may also be
used for the individual aircraft tracking program.

2.2.4.2 Data Processing Provisions

The airframe contractor has the responsi-
bility to design a data processing system that is compatible with
the Air Force capabilities of the Aircraft Structural Integrity
Management Information System (ASIMIS). For the initial L/ESS the
contractor is also responsible for performing those aspects of the
data processing which are outside the scope of approved capabili-
ties which exist within the Air Force at ASIMIS. The Air Force
will perform reformatting/transcribing functions and data editing
to ensure the guality of the data.

10
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2.2.4.3 Baseline Operational Spectra

When a statistically adequate sample of data
is recorded (representative of the types of usage planned for the :
aircraft), the airframe contractor will analyze the data and develop ’
the baseline operational spectra. The durability and damage tol-
erance analyses will be updated using the baseline operational
spectra if different from the design spectra.

2.2.5 Individual Airplane Tracking Program

A significant part of force management is the pro-
vision to schedule maintenance actions based on the usage of each
individual airplane to improve safety and readiness and to reduce
costs. The objeccive of the individual airplane tracking (IAT)
program is to monitor the usage of each individual airplane and to
provide structural inspection and maintenance schedules based on
predicted flaw growth. Provisions will be made to track, in addi-
tion to airplanes, major serialized structural components which are
likely to be removed, inspected or repaired, and reinstalled on a
different airplane.

2.2.5.1 Tracking Analysis Method

A tracking method will be developed which is
compatible with the damage tolerance and durability analysis results.
The method will determine which airplane usage parameters must be
monitored to permit adjustment of inspection intervals and modifi-
cation and repair times. Since the tracking program will be
operated by the Air Force, data p;ocessing and analysis require-
ments must be compatible with the Air Force data analysis system.

2.2.5.2 Data Acquisition Provisions

A data collection system will be selected
to monitor and record the required tracking data on each aircraft.
The least expensive data collection system which will record the
required parameters at the required level of accuracy will be
selected.

11
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2.2.6 Individual Airplane Maintenance Times

By using the force structural maintenance plan and
the recorded individual aircraft usage data, structural maintenance
times will be projected for each airplane.

2.2.7 Structural Maintenance Records

The Air Force will maintain records of significant
structural maintenance actions for each airplane. The records
will be made available to the airplane usage tracking activity so
future maintenance projections can account for previous inspection
findings, repair actions, and structural configuration changes.

2.3 FORCE MANAGEMENT OPERATION )

During the operational phase of an aircraft system, the _
interaction between the individual forcz management elements can ’
be interpeted as in Figure 4. The following description of the
force management system assumes that the final analyses are based

on stable operational spectra as determined by the L/ESS program. i
The ASIP Office of Primary Responsibility (OPR) for the weapon

system is introduced as the prime recipient of data and the deci- :

sion maker with respect to maintenance actions and scheduling.

From the viewpoint of the force management process, a key
requirement of the Final Analysis is the determination of inspection
and repair time for structural components and assemblies based on
a quantitative approach. To meet this requirement, the analysis
must identify all critical areas as well as the damage limit and
damage growth rate in each critical area. Therefore, as part of
the durability, and damage tolerance analysis, damage size is
calculated as a function of time in representative stress environ-
ments. This result is typically viewed as a plot of potential
crack length versus "baseline" hours. When the initial crack
size is assumed to be the largest that could pass the manufacturer's
qguality control system, the curve is used to determine inspection
limits for safety. Durability is assessed in terms of time

required for an average equivalent initial flaw or a distribution of

12
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equivalent initial flaws to grow to a size indicative of wide-

spread cracking (Ref. 4).

A crack length-flight time curve is calculated for each
critical area and is based on the operational stress sequences
as determined during the L/ESS. Such curves provide basic infor-
mation required in the development of the Force Structural Main-
tenance Plan (FSM). They are based, however, on average usage
in some stratification of the entire force and, thus, are represen-
tative of an average airplane in the stratification. To ensure the
integrity of individual airplanes, the Individual Aircraft
Tracking (IAT) program monitors the potential crack length at
the critical locations based on the stress environment each air-
plan experiences. While there are many methods for performing
the IAT function (Section 3) all require at least some data from
the durability and damage tolerance analyses.

The ¥SM Plan and the IAT results are the primary data
sources on which the ASIP OPR makes decisions. The FSM identifies
the inspection, modification and cost requirements of the average
airframe and forms the basis for maintenance, budgeting, and
perhaps operations planning. Output from the IAT program provides
the data to schedule maintenance actions or specific airplanes
as determined by the growth of potential cracks at the critical
locations. Given a maintenance action has occurred, feedback is
required to update the maintenance records and to reset (if
appropriate) initial crack sizes in the IAT program.

The L/ES8S function is shown as meeting two objectives:
providing the operational stress sequences which define averuge
usage for the final analyses and providing a continuous base of
data to the ASIP OPR in order to detect usage changes and to pro-
vide data summaries of flight operations. These data can serve
to trigger the need for an update of the final analyses and to
identify usages which are particuarily damaging. In the latter

case, the ASIP OPR may be able to influence maintenance scheduling
by arranging, for example, to have high damage aircraft avoid

high damage operations. These topics will be further addressed

in Section 4.




This simplified view of the force management plan in
operation empahsizes the importance of the Final Analysis.
Further, since the FSM is a relatively static set. of information,
only the IAT has a significant function is supplying information
to the ASIP OPR on a continuing basis. While it is recognized
that the continuous data from a sample of the force obtained in
the L/ESS has non-prime uses, it can also be recognized that such
data may not be required for all aircraft types. This topic
will also be addressed in Section 4.

15
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SECTION 3
INDIVIDUAL AIRCRAFT TRACKING FUNCTION

The IAT function can be summarized as monitoring the mini-
mum number of parameters in as efficient a manner as possible in
order to provide when desired:

(a) an estimate of the potential crack length at each
critical location in each airplane of the force, and,

(b) an estimate of the date each aircraft will require a
maintenance action based on the calculated crack length
and planned usage.

To date, these objectives have bee:.. met by correlating the usage
parameters of flight hours by mission, flight time by flight
condition, stress at a control point, or counts of normal
acceleration at center gravity with the crack length versus
average usage time curves of the Final Analysis. (The crack
growth gage is the new activity indicator currently being consi-
dered.) To date, also, each airframe manufacturer has at least
one analysis method which provides "sufficierntly accurate" results.

This section is devoted to an analysis of the accuracy of
tracking systems. First, a definition of IAT accuracy is postu-
lated. This definition is then used to formulate an error model
which is exercised using data from an attack/figher/trainer (A/F/T)
aircraft. The current analytical methods for tracking crack growth
are then compared for accuracy. Finally, since the mechanical
strain recorder (MSR) is a relatively new récorder, the reliability
observed when this recorder was used on the F-5 A/B Service Life

Extension Program is summarized.

3.1 DEFINITION OF ACCURACY

By definition a critical location is one subject to poten-
tially unacceptable crack initiation and growth under the stress
environment experienced by the aircraft. During the durability
and damage tolerance analysis (DADTA) which is performed for each
aircraft type, a model is formulated for each critical location by
which the crack length as a function of flight time in an assumed stress

16
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environment could be "best" calculated. This model reflects the
analytical capability for calculating crack length. A parti-
cular cracked structure experiencing the stress history would not
necessarily display the predicted crack length history. Varia-
bility in crack growth rate data (from tests), structures,
materials, environment, etc. preclude the possibility of being
exact for any specific structure and stress environment. Thus,
the computional model predicts an average crack growth behavior
and reflects only differences that are due to stress sequences.

In IAT, the objective is to track potential cracks. In
general, there is not a real crack of the magnitude being tracked.
Therefore, the definition is postulated that the perfectly
accurate tracking system is that which can reproduce exactly, the
output of the "best" computational model of the DADTA. Deviations
from this model would be "errors”". Note, however, that no measure
of the error is available, in general, since the exact stress
history at the critical location will not be generally available
as input.

3.2 ERROR ANALYSIS MODEL

Discussions of the accuracy of tracking analysis methods and
recording devices tend to center around the accuracy of the in-
ferred stresses. In an effort to isolate significant sources of
inaccuracy in the product of interest to the ASIP OPR, the following
error analysis was formulated. This model predicts variation in
predicted calendar time to maintenance action as a function of
variability in individual aircraft flying rate, individual air-
craft usage severity, and errors in estimated potential crack
length. An example is presented using data from a recent IAT
update from an A/F/T aircraft.

3.2.1 Background

Two basic data items from an IAT Program are an
estimate of the current damage state (crack length) at critical
locations of each aircraft and a projection of the time required
for these damage states to reach a critical level. Without loss

17
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of generality this discussion will be directed to a single control
point and the analysis method for calculating current crack length
will not be specifically addressed at this time.

Projections of times to critical crack length are
based on an FSM plan assumed usage from which crack length as a
function of flight time (in this assumed usage) is calculated.
Figure 5 portrays an example of such a basic curve and introduces
the following notational concepts:

a, - critical crack length (however defined)

t - flight time in planned usage environment - also
called baseline or equivalent flight time

te = planned usage flight time for crack of size a,
to grow to a_. t_ = £-1 (a_).

The function of f(t) can be used to correlate baseline time between
any two crack sizes and, thus, provides the mechanism for pro-
jecting planned usage time to critical crack length.

A direct comparison between potential crack growths
experienced by individual aircraft is accomplished by referencing
all aircraft to the FSM baseline crack growth as shown schematically
in Figure 6. At flight time t; of an individual aircraft, the
potential crack length at the critical point is calculated to be
a, - For this crack length, the corresponding number of planned
(baseline) flight hours is t; and the remaining baseline hours

1

to critical is given by t. - ts-

For planning purposes, baseline flight hours until
critical crack length must be converted to calendar time. While
details of accomplishing this conversion may vary from aircraft
type to aircraft type, the basic method is usually modeled in
terms of planned flight hours per month and a usage severity
factor which reflects known differences in planned usage for
various stratifications (e.g. command by base) of the fleet.

18
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Figure 5. Crack Length as a Function of Planned

Usage Flight Time.
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Let
L. = calendar time from date i to reach critical
crack size.

R = conversion factor between aircraft flight hours
(t*) and baseline flight hours (t). ¢* = Rt.

U = flying rate (flight hours/unit calendar time).
= t*
L—U.
Then, at time i, the predicted calendar time until critical crack

length is usually calculated as

L; = (tc - ti)R (1)
{]

In any application, the individual terms of equation
(1) will not be constant. 1In the following analyses, these terms
are considered as random variables over the population of indivi-
dual aircraft within a single stratification (as defined by base)
of the fleet. 1In the examples to be presented, the IAT data from
a recent (3rd quarter, 1979) IAT report on an attack/fighter/
trainer aircraft (Reference 5) provided samples of distributions
of the relevant variables. These distribution will be introduced
and described as the need arises.

3.2.2 Error Analysis Of Time To Critical Crack Length

The actual calendar time required for a specific
crack to grow to critical size can never be predicted exactly.
Flying rates per month and the stress environment to be encountered
will never correlate exactly with those used to predict the time
to critical crack size. This analysis is directed to a measure of
the possible "errors" that can result in the prediction of remaining
calendar life by accounting for the random variation of the terms of
equation (1).

Assume that each term of equation (1) is a random
variable and that terms are statistically independent. A standard
error analysis equation yields an estimate of the variance of
remaining life (in calendar time) to be

21
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If the values of R, U, ti’ and tc are taken to be mean values,
then the coefficient of variation (ratio of standard deviation to

1
the mean) of predicted time to critical size can be calculated &
from '

g’ 2
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[CV(L.)] ) ‘
i .2
i ¥
2 2 3
2 2 o c (3) '
- |2B)+ () ¢ (L o B
R U tc - ti tc - tl

In equations (2) and (3), Igr 9y 9, and otc represent standard
deviations of the appropriate random variables. op Measures the
variability in the usage severity the individual aircraft will
experience at the base. oy measures the variability in the number
of flying hours the individual aircraft will be used over the period
of projection. oti measures the variability in estimating baseline
age due to the inability to calculate exactly the potential crack
length of the individual aircraft, and Gtc measures the

variability in the predicted life of the new structural detail in
the assumed stress environment. Each of these will be discussed

further in the following paragraphs along with example data.
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3.2.2.1 Variability in tc

The parameter tc represents the time
required for a crack of specified initial length to grow to critical
in the baseline stress environment. The magnitude of this vari-
ability is difficult to specify as it must reflect not only the
ability to predict time to grow a given crack to a criti.. . size
but must also account for material variation across the structural

‘details in the fleet. However, in a recent round robin study

performed by Committee F24.02.02 of ASTM it was concluded that t 10
percent precision was the best that could be obtained for
predictions of life in constant amplitude laboratory conditions.
Thus, a coefficient c¢f variation of 5-10 percent would represent
the lower bound for variation in tc. In the example error analyses
which follow. otc will be assumed equal to zero. Assuming no
variability in predicted life is a reasonable choice in inter-
preting tracking data since all structures are referenced to the

same number.

3.2.2.2 Variability In Estimate of ti

At time i, flight data from each indivi-
dual aircraft is used to obtain an estimate, a;., of the length of
the potential crack at the critical location. Since the estimate
is based on incomplete or imprecise data, a distribution of crack
length estimates can be postulated to reflect the scatter in the
estimate of the "true" crack length. This variability in crack
length estimates transfers to variability in baseline hours as
depicted in Figure 7.

Obviously, © depends on the actual dis-

ti
tribution of the estimates of a and on the function a = f(t). For
the purposes of the numerical examples the following assumptions
will be made:
(1) a=f(t) = aoebt. This exponential fit for crack
length as a function of time has been observed to

provide a reasonable model for the shape of a crack
growth curve in fighter aircraft (F-5A).
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(2) o¢y = f'l (aj + o0g) - f-l (aj). This assumption implies
that the transformation between a and t is approximately
linear over the values of interest at the given point
in time.

(3) the ratio oa/aj is assumed to remain constant. It is
reasonable to assume that the variance of the estimate
will increase with flight time. This assumption speci-
fies the rate of increase.

Under these assumptions

cti - % [ln(‘i + °a) - 1ln ‘o] - é [ln a; - in ao]
= % ln (1 + ga

2 (4)

Under the above assumptions, the constant coefficient of variation
of crack length estimate (0a/aj) leads to a constant standard
deviation in the estimate of ti.

In the numerical example, reasonable
assumptions are a, = 0.050 in. and a, = 0.25 in. For this air-

craft, tc = 4000 baseline hours. Solving for b yields

t

1
b=2 ln (a_/a)
c ¢’ o

= 4.024 x 10”4

Table 1 provides typical values of cti for selected choices of
assumed coefficients of variation in thg estimates of a;. Note

that for practical purposes in approximately symmetric distributions,
a coefficient of variation of 0.1 implies that 60 to 75 percent

of the estimates are within 10 percent of the "true" value. A
similar interpretation can be applied to the standard deviations of
baseline hours. For a CV = 0.1, 60 to 75 percent of the estimates

of baseline age are within 236 baseline hours of the "true" value.
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VARIABILITY OF BAS
PRECISIONS IN ESTIMATE

TABLE 1

ELINE AGES FOR SELECTED
OF CRACK LENGTH AT IAT UPDATE

Coefficient of Variati
in Estimate of Crack

on Standard Deviation in
Estimate of Baseline

Length Hours (oti)
0.05 121 hrs
0.10 236
0.15 347
0.20 453
0.30 652
0.40 836
0.50 1,008




. modeled and the model should reflect the fact that there is less

3.2.2.3 Variability In Estimate Of Usage Rate (U)

When transforming from flight hours to
calendar months it is customary to assume a constant usage rate
per month, U, for all aircraft in the stratification of interest.
It is recognized that individual aircraft will deviate signifi- i
cantly from U for any single month but it is assumed that over a
long period of time, the deviations will average out. From the
viewpoint of random errors in projected months to critical crack
length, the variability due to different usage rates must be

relative variability in average usage over long time periods than
there is over short periods. The following model is one approach
to this problen.

Let Uj be a random variable which repre-
sents the flight time by a single aircraft in month j. The means
and standard deviation of Uj are given by U and Oy respectively.
Let U(m) represent the total flight time of the aircraft in the
next m months,

m
U(m) -z U (5)
=1

Assuming that the Uj are independent, the mean and standard
deviation of U(m) can be calculated as

Tim) =m U (hrs)
(6)
9 ym) = /m 9y (hrs)

Thus, when U is used in equation (1) to predict calendar months
to critical crack length, the prediction is actually for the
average number of months. The coefficient of variation for total




flight time in m months is given by

c,SL(m) - v/am Iy ‘
Ulm) m T (7

-

/m 4]

Thus, the coefficient of variation decreases as the number of months
increases. It can also be noted that for m sufficiently large,

the central limit theorem of probability indicates that the
distribution of U(m) could be modeled by a normal distribution.

Recent A/F/T data (Reference 5) were used to
estimate U and Oy Although the update listed cumulative flight
hours at many time periods, there were many months for which no
report was made. To circumvent this problem, cumulative flight
times over a fixed 18 month period were obtained for each of 71
aircraft that were stationed at the base throughout the period
The sample mean and standard deviation of these values of U(18)
were calculated. Equation (6) was then used to calculate U and
Oy the mean and standard deviation of flight hours per month.
Figure 8 presents the observed histogram of the average flight
hours per month obtained on the basis of averaging over 18 months.
From these data

T(18) = T = 25.9 hrs.
18
(o}
u(18) g.. _ 18(5.3)
= Ty=3803-3) _ 55 5 hrs.
Y18

o

The coefficient of variation of flight hours per month (not average
flight hours per month) is

o
L= 22:5 | 5.87
U 25.9
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To use this model of usage rate, equation
(1) provides the estimate of the number of months until critical
crack length based on average usage (U = U). For this number of
months, the standard deviation is calculated from equation (6) and
again U is used to convert to months. Table 2 lists the standard
deviations of the distributions of number of months to reach
selected flight hours based on an average of 25.9 flight hours
per month. Note in Table 2 that the standard deviation decreases
in absolute value for shorter periods of projection but increases
as a percentage of the mean. Therefore, projections over fewer
flight hours exhibit a more significant variability.

, It should be noted that a more exact model
of months to achieve a fixed number of flight hours could be for-
nmulated. Let m be the random variable to be modeled under the

constraint that
t = : Uj. (8)
J.

This far more complex approach could be developed, perhaps, along
the lines of the work of Birnbaum and Saunders (Reference 6).
However, the simple approach described above was judged to be
sufficient for tlLe purposes of this analysis.

3.2.2.4 Variability In Estimate Of Usage Severity

Factor (R)

The usage severity factor, R, reflects
differences in planned usage from the baseline usage that is
expected to be encountered for particular subsets of the force.
Individual aircraft within the stratification will experience
different severity factors and, hence, a distribution of R values
can be postulated. The severity factor employed for projections
would be the average of this distribution (R). While it may be
possible to estimate the R value for the stratification from L/ESS
type data, IAT data may also provide the necessary data to estimate
R. The method for achieving this estimate will depend on the
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TABLE 2

EXAMPLE STANDARD DEVIATIONS OF MONTHS TO
ACHIEVE SELECTED FLIGHT HOURS BASED ON

AVERAGE OF 25.9 FLIGHT HOURS PER MONTH
3
Flight Average Number of Standazrd Deviation | Coefficient of
Hours (t) Months (T) to reach of Months about the Variation
t Flight Hours Projection T 1

4,000 (hrs) | 154 (mo.) 10.8 (mo.) 0.07
3,000 116 9.3 0.08
2,000 77 7.8 0.10
1,000 38.6 S.4 . 0.14

500 19.3 3.8 : 0.20 i

250 9.7 2.7 0.28
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output of the IAT. The method presented herein was derived from
the data of the example A/F/T IAT output (Reference 5).

At each update of the IAT output, the
flight hours and baseline hours are listed for each airplane by
base. (Usage severity was stratified by base for this aircraft).
The ratio of change in flight hours to change in baseline hours
yields the R value (the random variable) for each airplane over
the time period of interest. As in the usage rate description
the period of time over which the changes are calculated will
influence the variability of the computed R values about the
average. In the example data of this analysis, averages and
standard deviations were calculated from the flight and correspon-
ding baseline hours over periods of the most recent 6, 12, and 18
months and the total time of each aircraft. These values are
summarized in Table 3. Figure 9 presents the observed cumulative
distribution functions of the R values from each of the four time
increments. Note the decrease in variability as the averaging

period increases. The o2 term of equation (2) is not constant

but depends on the lengtﬁ of the projection (Li). To account for
this change in the error analysis, the observed values of Table 3
were linearly interpolated to obtain the standard deviations at
predicted average calendar months to critical potential crack size.
3.2.2.5 Example Error Analysis Of Predicted
Calendar Time to Critical Crack Length
Equation (2) provides an estimate of the
variance (and standard deviation) of predicted calendar times for
a potential crack to reach critical size. This standard deviation
is a measure of the random error about the average predicted calen-
dar time and reflects the possibility of errors due to mission
severity (cR), usage rates (oU), and inaccuracies in estimate of
current baseline age (ot_). It is assumed that no bias is present
in these distributions. This assumption implies that the U, R,
and ti are the average values of their respective distributir~-s.
Note that it is also assumed that te is determined without error

(o = 0).

te
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TABLE 3

_ AVERAGES AND STANDARD DEVIATIONS OF
; SEVERITY FACTORS FOR DIFFERENT TIME INCREMENTS

R Sn
’ Last 6 mo. 1.94 1.0l
v Last 12 mo. 1.40 0.66
‘ Last 18 mo. 1.21 0.33
Entire aAircraft 1.15 0.20

Life
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The IAT data discussed in the previous
paragraphs were used in a parametric study of the standard devi-
ations of prediction errors. 1In this analysis, it was assumed
that tc = 4,000 hrs, that the average severity factor for the
future flights at this base would be R = 1.15 and that the average
flying rate would be U = 25.9 hrs/month. Table 4 presents the
standard deviations of prediction errors for selected baseline
ages and selected coefficients of variation of potential crack
length (converted to standard deviation of estimated baseline
age). Also included in Table 4 are the predicted calendar times
to critical crack length and the standard deviations of severity
factors and usage rate for each calendar time projection period.
Figure 10 presents the standard deviations of prediction errors
as a function of predicted calendar months to critical potential
crack length.

wWhen the potential crack length is
determined without error, CV(ai) = 0, the resulting standard
deviations of predictions are the result only of uncertainty in
future usage. Over the range of data considered here, the future
usage variability contributes to a standard deviation of 7 months
when the projection time is about 1 year and about 18 months for
projections over 5 year periods. The variability due to the
potential crack length (baseline age) has a significant effect
over the shorter projection periods as would be expected.

Since future usage is somewhat controll-
able, it is of interest to investigate the error projections
assuming that flying rates and the severity factor are known
exactly. Table 5 displays the standard deviations of times to
potential critical crack lengths for no flying rate variability
(ou = 0) and no severity factor variability (oR = () for selected
baseline ages. For the projections of about 1 year, this data
indicates that the primary variability is due to the variability
in severity as opposed to variability in flying rates. The bottom
line of Table 5 yields standard deviations of errors due only to
the variation in the calculation of potential crack length. These
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standard deviations are independent of baseline age due to the
assumptions used in converting from potential crack length to
baseline age and the exactness of the calculation of calendar
months from remaining baseline hours to reach critical potential
crack length.

} . To place these standard deviations of

prediction errors in perspective, Figure 11 displays the cumula-
tive distribution of calendar months to potential critical crack
size for the aircraft at the base from which the usage distribu-
tions were obtained. For this stratification of this fleet, the
total range of predicted months to critical crack length is 80
months. For the current ages, the standard deviations about

these predictions range from 22 to 58 months for CV(ai) = 0.1. ‘
Obviously, as the current age of a particular aircraft approaches

(TN .«,ﬁ}; i

the 4,000 hours design life the standard deviation will decrease.
However, the minimum standard deviation for CV(ai) = 0.1 is about
10 months (Table 5).

The above error analysis demonstrates
that the acutal calendar time for a potential crack to reach
critical for a specific airplane could differ significantly from
predicted. The error would depend on the cumulative inaccuracies
of the tracking system and the future deviations of the airplane's
usage severity and operations from average. Before deciding on ’
a level of acceptable error for a given aircraft and its set of
maintenance actions, it is necessary to define the risk associated
with not accomplishing the action at scheduled times. Realistic
accuracy goals for recording usage or operations or improving
the crack length predictions in a tracking system can only be set
with an understanding of their individual and collective influences
on the error in maintenance scheduling and associated risks.

It should also be noted that although
the variations in flying rate and usage severity were obtained
_ for only one aircraft type, it is felt that they are typical of
r} the values to be encountered in the A/F/T aircraft class. The 1
f; error sources will be present in all tracking systems and their
% magnitude will depend on the operational environment and FSM plans
for the given force.
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to Critical Crack Size for Aircraft at Base.
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3.3 ACCURACY COMPARISONS AMONG TRACKING SYSTEMS

The preceding analysis provides a measure of the effects of
the inaccuracy of tracking systems if the inaccuracy can be
expressed in terms of a standard deviation of potential crack length
at a critical point. However, it is a formidable problem to obtain
this quantitative characterization from available data. The
following paragraphs present a discussion of "accuracy" for current
and potential methods of achieving the tracking function (Reference
1 and Volumes 2 and 3 of this report). Whenever possible, error
magnitudes are quantified with the required accompanying assumptions.

The tracking systems are categorized jointly in terms of
primary data source, analysis method, and recording device. The
primary data sources considered are forms, stress measurements,
counting accelerometers, and crack growth gages. Analysis methods
and recording methods are considered within each of the sources.

3.3.1 Forms

The use of aircraft records and pilot logs as the
primary data for individual aircraft tracking will continue in the
forseeable future for transport/bomber aircraft, for those aircraft
whose operational usage is homogeneous and known across the airplanes

in a force, and as the most likely source of data for gap-filling
when other tracking devices have failed. Forms data will be consi-
dered to be either of a general nature (aircraft records) or a
detailed nature (pilot logs).

3.3.1.1 Aircraft Records/Gap~Filling

Every airplane in the Air Force inventory
has a record which contains, as a minimum, the total number of
landings and the flight time of the airframe and/or its major compo- |
nents. This data base is independent of the ASIP program but can
be tapped if desired to achieve ASIP functions. In the past these
records (in particular, the flight hours) have been a primary data
source for scheduling maintenance actions. Future application will
require the correlation between flight hours and crack growth since |
structural maintenance actions are to be scheduled on the basis of
potential crack lengths at critical points. This approach to the IAT
function is defined as Method 1 in Reference 1.
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It is also important to note that while
IAT is usually considered to consist of monitoring potential crack
lengths at critical locations of each airplane, the estimate of
time required for the potential crack to reach a given size is a
desired output by the ASIP OPR. This projection is based on a
predicted future usage and the correlation of other usage with
potential crack length. Since this is the same correlation that
would be used in an aircraft record tracking program, it can be
seen that the projection of time to maintenance actions is the
inverse of general forms monitoring and, hence, is present in all
ASIP programs.

As a general IAT system, airplane records
will have limited use. In fact, the lack of an acceptably strong
correlation between flight hours and crack length has necessitated
the IAT concept. However, there are two applications for an
airplane records tracking program:

a) when all airplanes in a force will be subjected to
approximately the same operational environment over a
reasonably long time period, and,

b) when another data system has failed and gap-filling is
required.

The first application will have limited uses in future systems.
However, there are aircraft (e.g., the T-37 force) for which it
has been determined that flight hour tracking provides sufficient
accuracy.

Flight time from aircraft records will
continue to play a significant role in the IAT function through
its use in gap-filling as the secondary data source for almost
all IAT programs. Missing or inadequate tracking data occurs in
all tracking programs to some extent. Flight time from other
sources provides a measure of the amount of missing data and the
effect of the usage during the missing periods must be accounted
for. This is usually accomplished through the correlation of
flight hours with crack growth assuming an average usage over the
appropriate stratification of force operation.
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A general model for flight records moni-
toring can be formulated as follows. Assume that the potential

crack can be adequately modeled by a crack growth rate model of
the form

R-g@ . £ (9)

where g(a) depends on crack length, crack geometry, and crack
growth rate parameters of the structure. £,(0) is a defined
function of the number and magnitude of the stress cycles and is
independent of a. (The Walker model is one example of a crack
growth rate model which can be expressed in this form.) Neglecting
changes in crack length during a flight, the incremental potential
crack growth during the ith flight can be expressed as

Aai = g(ai_l)xi (10)

where ajq is the crack length at the beginning of the ith flight
and

N.

i
Xi=§E fl(oj) (11)

j:.-

is a usage random variable which summarizes the Ni stress cycles
of flight i. After t flights, potential crack length is given by

a, = a +-§i gla, _4)X. (12)
t o T=1 i-1'71

In a flight records monitoring program or gap-filling procedure,
no data is available to estimate xi. Thus, a single value, My

is derived which is representative of the "average" flight for the
stratification of interest as defined during the L/ESS and DADTA.
Potential crack length after t flights is estimated by

t
a, =a  + uxz gla; ;) (13)
i=1
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This model can be used both for tracking

"and gap-filling. However, in practice the predicted crack length

as a function of expected usage time curve, f(t), would be used
to estimate current potential crack length or a crack increment
to be gap-filled for a periodic IAT update. The later can be
estimated from

Aa = At f£' (ty) (14)

where At represents the increment of time to be gap-filled during
the period and t1 is the mid-point of the baseline life interval
under consideration.

Equations (12 and 13) indicate that the
major sources of error in flight record monitoring are:

(a) inaccuracies in the description of the average crack
growth per flight by crack length function for the
stratification of interest, and

(b) variability of individual airplane experience from
the average over the time period of interest.

The error which results from inadequately defined average usage
results from the sampling error of the L/ESS or from a change in
operational usage from that determined during the L/ESS and updated
DADTA. The questions of sampling error as a function of number of
monitored flights and detection of usage changes are addressed in
Section 4. The key consideration is that a given sample of data
will provide average usage within known bounds (which depend on
sample size), but it is not known in which direction the observed
average differs from the true. Further, once an observed average
is adopted, errors due to this difference are now propagated as an
undeterminable bias, not as a random error whose average effect can
be expected to get smaller over time.

Errors due to the variability of individual
aircraft usage will depend on the particular aircraft type under
consideration. No experience is available with the usage random
variable, xi' of equation (10) but past studies with Miner's
damage indicate that the coefficient of variation of Miners damage
per flight can be as large as 2 for bomber/transport aircraft and as
large as 3 for attack/fighter/trainer aircraft (See Paragraph 4.2).
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The IAT data from the attack/fighter/trainer
aircraft (Reference 5) were ane¢ :ed as an example in quantifying the
random errors associated with flight-by-flight variability. Again
only data from one base were used. For this aircraft, tracking is
performed through the calculation of baseline hours or damage
index as a function of number of load factor exceedances. Assume
that the calculated basel ‘ne hours provide an "accurate" measure
of potential crar. length (e.g. through the correlation shown in
Figure 6). Then, deviations between baseline hours predicted from
flight hours and baseline hours calculated from the load factor
exceedances provide a measure of the flight time tracking error.

Figure 12 presents a scatter plot of
baseline hours vs lifetime flight hours for the 86 airplanes at one
base. The straight line is the least squares fit and deviations
from the line represent the errors that would result from a pre-~
diction of baseline hours from flight hours. The standard devi-
ation of the errors is 268 baseline hours. Since this standard
deviation would be expected to increase with flight time, similar
analyses were performed on data representative of periods of 6, 12,
and 18 months. The results are summarized in Table 6. The stan-
dard deviations are increasing at approximately the rate of the
square root of flight time which is a rate quite common to distri-
butions of sums of random variables. Projecting backward at this
rate indicates the standard deviation of baseline hours for one
hour of flight time to be approximately 5-6 hours.

To transform these errors in baseline hours
to errors in estimated potential crack length, the exponential
crack length as a function of time model of Paragraph 3.2.2.2 was
assumed. Figure 13 displays this relationship along with the

predicted baseline hours at the 1840 hour average flight time and
one standard deviation on either side of the prediction. Back
calculation indicates that a standard deviation of 268 hours at
the predicted 1640 hour baseline life is equivalent to a standard

deviation of approximately 0.01 in. in potential crack length at a
mean of about 0.10 in. (or a coefficient of variation of 0.10).
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TABLE 6

STANDARD DEVIATIONS OF BASELINE HOUR
ESTIMATE FOR 4 TIME PERIODS OF AN A/F/T AIRCRAFT

Average Flight Hours Standard Deviation of
Time Period Per Airplane Prediction Errors
(Months) In Period (Hours)
6 163 67
12 294 100
18 461 123 i
Current
Lifetime 1840 268

-~
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If the error standard deviation continues to increase at the rate
of Yt , at a 4,000 hour baseline life, the standard deviation
would be approximately 395 hour. The corresponding standard
deviation of potential crack length would be 0.037 in. (or a
coefficient of variation of 0.15).

Figure 14 presents a plot of flight hours
versus baseline hours (calculated from pilot logs) for a recent
IAT report of a transport/bomber aircraft. For this aircraft,
the correlation is not nearly as strong as that of the A/F/T
aircraft of Figure 12. These data display a standard deviation of
prediction error of 910 baseline hours. Assuming this standard
deviation increases as the square root of flight time, a backward
projection indicates a standard deviation of 14 baseline hours for
one hour of flight time. A crack length versus baseline hour
curve was not available for converting this magnitude of error to
crack length.

When flight hours are used for gap-filling,
the standard deviation of the potential crack length errors due to
the missing primary data depends on both the amount of missing
data and when in the aircraft life it occurred. Under the assump-
tions of the preceding A/F/T example, the largest errors in poten-
tial crack length result at the end of a time period of interest.
Assigning all the error at this point in time provides an over-
estimate of the error standard deviation. For example, if 10 per-
cent of the primary data was missing at 4000 hours in the preceding
example, the standard deviation of crack length error due to the
gap-filled time is calculated to be v400/294 ° 100 = 116 baseline
hours which converts to 0.01l1 in. (4.5 percent) at 4,000 baseline
hours.

3.3.1.2 Pilot Logs

Pilots logs are the only currently accepted
primary data source for tracking large transport/bomber aircraft.
This position has resulted from a combination of five factors:

(a) damage to these large aircraft results primarily from -
turbulence and readily recordable mission usage;
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(b) poor correlation exists between activity indicators
at one location and stress magnitudes at another;

(c) an on-board crew member has available time for recording
the necessary data;

{(d) detailed knowledge of an individual aircraft's mission
usage is commonly required to isolate causes of
excessive potential crack growth; and,

(e) planned changes of mission usage are common and effects
of such changes are readily evaluated in a pilot log
tracking context.

Pilot log monitoring, as envisioned here, encompasses Methods 5

and 6 of Reference 1 and consists of modeling potential crack growth
due to individual flights in terms of flight time or numbers of
occurrences in combinations of weight, altitude, mach number and
configuration (loosely defined). Potential crack growth is cal-
culated for the flight conditions as defined by the stress condi-
tions encountered during the L/ESS.

A model for the calculation of potential
crack length in pilot log monitoring can be constructed as a
generalization of equation (12). Let Aai denote the potential crack
extension during the ith flight. Then, Aai can be modeled as

q
ba; = g(a;_;) 2 Ti5 Ry (15)
i=1

where '1'ij represents the amount of time {or number of occurrences)
of flight condition j during flight i and R, represent a severity
factor per unit which is representative of the flight condition.
A8 an example calculation of Rj' assume crack growth is being
modeled by the Walker equation

o N -SSR, § S




m
R =ci-ap t@mt, " (16)

where C, m, m, = material dependent constants

= 0_. g
R m:.n/ max

o constant which depends on R
B(a) = geometry factor.

If flight condition j is characterized by pj levels of stress cycles,
then

p' ml
_ _ m
Rj = (1 Cp ) (omax ) Njk (17)
k k
=1
where
Njk = number of Gmax K’ omin k cycles per unit time in flight

condition j.

When Njk is multiplied by Tij in equation (15), the expected number
of level j stress cycles during flight condition j of the ith flight

is obtained.

The use of the model expressed in equation
(15) is based on the premise that reasonbly accurate crack growth
increments can be calculated from the average stress environments
in each flight condition. For any particular flight on which a
completed form is available, errors can result from three sources:
(a) the sampling error in determining the average environments during
the L/ESS; (b) the difference between the assumed stress environ-
ment and that actually encountered and, (c¢) errors in the recorded
data on the pilot log. The first source of error cannot be measured
but would decrease with quantity of data in the L/ESS. Further, the
error would be propagated as a "bias" for any one flight condition
but these "biases" could average out when all the flight conditions
for a flight are combined.




The differences between the assumed and
encountered stress environments in a flight condition introduce a
random error into the calculation. To data, no data has been
published which can be used to measure the magnitude of this ran-
dom error and, hence, it is not possible to quantify the errors
that could result in pilot log trackings. Care will be required
in combining the errors from the different flight conditions.
Since equation (15) displays that Aai is a weighted average of
the potential crack growth during the flight conditions encountered,
the variance of the errors in incremental crack growth during a
flight will be a weighted average of the variances of the errors
in each flight condition.

Errors which result from inaccurate data
on the forms (after editing) are non-measurable and probably
negligible. Adequate crew training is assumed to assure a con-
scientious attempt to accurately complete the log. Recording errors

which occur can then be assumed to be relatively infrequent, randomly

distributed, and inconsequential.

The fourth source of inaccuracies in pilot
log tracking results from gap-filling based on aircraft logs. The
percent of missing data on current pilot log programs ranges from
0 to 30 percent (Reference l). In view of the weak correlation
between flight hours and baseline hours that can be present in
transport/bomber aircraft (as displayed in Figure 14), this source
of error could be quite significant if there is a high percentage
of missing data.

Considering the error sources in pilot log
tracking, their ranking in decreasing order of importance would be:
inaccurate average usage for flight conditions; variability of
individual excursions from average conditions; missing data; and
inaccurate recordings on form.
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3.3.2 Strain Measurements

For most critical locations in attack/fighter/trainer
(A/F/T) aircraft, the damaging stress cycles result primarily from
pilot induced maneuvers. Since there is a high degree of varia-
bility in the stresses produced in performing a particular maneuver,
and, since individual A/F/T aircraft of a force are not typically
subjected to the same maneuver environment, tracking will generally
be accomplished in these aircraft through an activity indicator
which is dependent on the severity of individual maneuvers. The
strain histories at control points provide a obvious choice of
tracking data. Accuracy resulting from the use of strain measure-~
ments will be considered from the viewpoints of cycle-by-cycle and
parametric analyses.

3.3.2.1 Cycle~By-Cycle Analyses

Due to the definition of accuracy postu-
lated in Paragrash 3.1, a strain history at a critical point has
the potential of providing the most accurate tracking system. A
strain history can be reduced to a sequence of stress peaks and
valleys and this input would be sufficient for any crack growth
model in the forseeable future. However, in the practical
application of a strain based, cycle-by-cycle tracking svstem,
the ideal will not be achieved. There are three sources of errors
that will be present in this tracking system:

a) stress transfer,
b) missing data,
¢c) inaccurate recording or reduction.

In a cycle-by-cycle analysis based system, it is possible that the
analysis would be applied at a limited number of control points
and potential crack growth at other critical locations would be
inferred from the control. This correlation between control
points and critical points is another source of error for the
potential crack growth at the critical point but is considered a
parametric analysis.
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To quantify the magnitude of possible
errors associated with stress transfer and inaccurate recording

or reduction, consider the crack growth formulation of equations
(9) through (12). 1In particular, incremented potential crack
growth during the ith flight is expressed as

Ny
ba; ~ gla;_,) 2: fl(oj) (18)
=1

Assume that the crack growth rate is reasonably modeled by the
Paris equation

m = ¢ Ak (19)

for which it can be shown that

£,(0) = (a0)™ (20)
Then
Ny
bay = gla;_,) Z (a0 )™ (21)
j=1

where g(ai_l) is independent of the stress history during aAflight.
Let Aoj be the true change in stress during the cycle and Ac. be
the estimate from the stress measurements. Aoj can be modeled as
{
Ao, = Ag. ‘

+ €. 2
j j eJ (22)

where Ej is the random error component. It will be assumed that
the stress measuring system is unbiased, E(ej) = 0, and that the

standard deviation of the errors, s(e), is a constant proportion
of the true value,

Ao (23)
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for all j. As before, let

>
o

]
™

[

Q

uv

E]

=1
N.
1
m
= A, + €
Y (& )
i=1
But, in the tracking system X is estimated by
N.
i
_ m
X; = Z (Aéj)
i=1

For aluminum m is generally in the range 3 < m < 4.

Letting m

(24)

(25)

=3'

expanding (24), and taking expectea values over the population of

measurement and transfer errors yields

N N.
1 1
- 3 2
E(Xi)-z A8 +3Z A8 [s(e)]
J=l j=l
Nl N
=Z A@.3+3czz a8,
] J
j=1 j=1
N,
h &
= (1 + 3c?) 2: Aoj3
j=1
- 2
= (1 + 3¢ )Xi
For m = 4
2
E(Xi) = (1 + 6¢C )Qi
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Therefore, ignoring the random errors associated with measurement
or stress transfer error results in a biased estimate of the poten-
tial crack growth during a flight. Further, the bias is uncon-
servative in that it underestimates the potential crack change.
This qualititive result holds for all m > 1.

The magnitude of the coefficient of vari-
ation, ¢, depends on the random variation associated with installa-
tion, material repeatability, and data reduction and processing
errors as well as the errors associated with stress transfer. The
former error sources are often combined in a blanket statement
that measurement errors are within, say 5%. Using the 5% as a 3
standard deviation measure would imply that ¢ = 0.05/3 = 0.0167.
Note that using only this source of error will result in a 1l
percent bias in the estimate of per flight crack growth if m = 3.

The errors due to stress transfer will
depend on the particular structures and the length of the transfer.
Figure 15 reproduces from Reference 7 a plot of simultaneous
stress measurements from adjacent gages on lower wing skins during
one flight of an F-5A aircraft. While recognizing that both
stress measurements contain data recording and processing errors,
if the observed linear correlation is used to predict one of the
stresses from the other, a "random" error will result (the line
in Figure 15 is the 45° line not a least squares fit.) 1In this
particular example, the coefficient of variation would be on the
order of 0.10 which would result in a 3 percent bias in the crack
length increment of an average flight of m = 3 and a 6 percent
bias if m = 4. With a very careful characterization of the stress
measurement and stress transfer precisions, these biases could be
removed. However, the particular stress errors actually encoun-
tered during each flight will contribute to a random error that
will be present even after correcting for the bias or average error.

The magnitudes of the errors that result
from missing data will depend on the amount of missing data and
the gap~-filling technique. A model for combining accuracies of
the primary calculation and gap-filler as a function of percent
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of missing data has not yet been formulated. Thus, only sub-
jective judgements regarding overall accuracy can be made when
comparing computing tracking systems.

Tracking based on cycle-by-cycle crack
growth can be accomplished by electronic or mechanical strain
recorders. While electronic strain gages have not been employed

as a primary data source for tracking, they have been used in L/ESS
programs. In general, the reliability of the strain channels has
been poor (Reference 1), requiring far too much gap-filling in a
tracking application. The use of factory installed redundant

gages increases reliability but requires decision making during
data processing. Thus electronic strain measurements for tracking
would only be practical given a microprocessor type recorder that
could perform sophisticated edit functions.

While the concept of using mechanical
strain recorders (MSR) as a primary data source for monitoring
structural usage is not new, large scale field applications have
been made only recently for the F-16, A-7, and F-5 aircraft. MSR
data cassettes from the F-16 and A-7 programs are being automa-
tically transcribed to digital format at the ASIMIS. Since these
programs are relatively new, a review of their experience would
be somewhat premature. However, in connection with the F-5A/B
Service Life Extension Program, the San Antonio Air Logistics
Center instrumented approximately 100 aircraft from six countries
with MSR recorders. The data from these recorders were transcribed
semi-automatically on an Aeronautical Systems Division optical
reader and provide a strong indication of the experience that can
be expected during field use of the MSR (See Reference 8).

The data were collected between mid-1978
and mid-1979. During the program, 373 cassettes were received
which, according to accompanying data sheets, were representative
of 14,995 hours. A summary of the recorded data by quarter of
receipt is presented in Table 7. The table indicates the number
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of flight hours of data received in each quarter, the number of
flight hours of valid data, and the number of hours of invalid
data by cause. Over the 1 year period, 68% of the received data
were valid. The major cause of invalid data was saturation of the
recording cartridge (inefficient tape available for recordings).
This cause is correctable by more frequent inspecting or changing
of the cartridges. In fact, the last 2 quarters had significantly
higher percentages of valid data than the first 2 quarters due to
a change in the inspection frequency of the individual cassettes.

Causes of invalid data other than
saturation and missing data sheets are less controllable and tend
to reflect instrument reliability. The other causes resulted in
a total data loss of about 7%. Without hardware modifications,
the upper limit of valid data attainable would be approximately
93%. Therefore, when the MSR is used for the IAT function, some
form of gap-filling will be required and, in the practical appli-
cation, for approximately 10 percent of the flight time.

Although the data were transcribed by
semi-automatic methods during this study, it is of interest to
summarize the costs as upper bound costs that could be expected
in MSR data reduction. First, the tasks performed by the data
technicians included the following steps:

1) Log in and inspection of incoming tapes and
forms;

2) Semi-automatic conversion of peaks and valleys
to punched paper tape;

3) Produce card deck and listing from punched paper
tapes;

4) Preliminary data edit and correction;

5) Computer edit which identified range-pair-range
cycles;

6) Recheck of largest cycles on each cassette and
make any required corrections to cards.
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The cost of performing these operations including supervision

(but no software preparation) was $16,400 in 1979 dollars (Reference
7). For the 10,169 valid hours this cost ccrresponds to $1.60 per
hour. However, cost per hour may not be an appropriate base due to
variations in usage. A total of approximately 200,500 peak-valley
pairs were obtained from the 10,169 valid hours for a cost of
$0.082 per stress cycle. The data were contained on 373 cassettes
for a cost of $44 per cassette. It should be noted that these
costs include start-up and learning phases and that some early
inefficiency resulted from sporadic cassette arrivals from the
field.

3.3.2.2 Parametric Analyses

Recorded measurements of stress can be
used as accurately determined activity indica*.»rs from which
estimated potential crack length is obtained parametrically.

Stress sequences for each critical point are obtained as a base-
line spectra (either design or updated on the basis of an L/ESS)

and potential crack length as a function of baseline hours is
obtained by analysis or test. Stress exceedances from the base-
line spectra are summarized for the control point and this summary
is correlated with the stress exceedances observed during a tracking
period to determine incremental crack growth during the period.

To date, two methods have been suggested for achieving the correla-

tion: the normalized stress exceedance method (Method 11 of Reference

1) and a regression analysis method (equivalent to Method 10 of
Reference 1).

In the normalized stress exceedance method,
the severity of usage of the aircraft during the time period of
interest is quantified by interpolating on the slope of the least
squares fit to an observed exceedance curve between usage severities
of known crack length vs baseline hours curves. Crack length in the
time period is incremented accordingly. No analytical method is
available for quantifying the errors associated with this process.
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The regression analysis method is based
on the development of a set of constants from which baseline hours
for the individual aircraft are predicted from total flight hours
and counts of level crossings of stress. The coefficients are
obtained from a least squares fit (regression) of known baseline
hours and counts of level crossings for various severities. This
method has not yet been used in a tracking program so no data is
available for any form of error analysis. However, this approach
is completely analyogous to the regression approach using counting
accelerometer readings as the primary data source and one error
source is quantified in the discussion of this tracking method
(Paragraph 3.4).

Given an estimate of equivalent baseline
hours or damage index for a particular airplane, potential crack
length at other critical points can be estimated by means of crack
length curves (as in Figure 6). A somewhat equivalent method is |
through the use of normalized crack growth curves which require
denormalization factors to convert to crack length or time. 1In
either case, errors associated with the potential crack length
estimates are not generally quantifiable. Note, however, that
the stress environment of some critical points could be poorly
correlated with the measured stresses. For such critical points,
stresses at the remote location .are no better activity indicators
than, say, normal acceleration at the center of gravity.

3.3.3 Counting Accelerometers

Counting accelerometers have long been used as
activity indicators for singling out aircraft that have been
subjected to a greater than normal stress environment. The
requirements of MIL-STD-1530A dictate that the measure of usage
severity be expressed in terms of potential crack length. To
date this has been accomplished from counting accelerometer data
only by means of a parametric analysis in which baseline hours
(or, equivalently, damage index) is computed as linear combination
of excgedances of fixed n, levels and flight time (Method 10 of
Reference 1). As in the case of parametric crack growth analysis
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from strain measurements, the coefficients are determined by
correlation with the n, spectra of the stress exceedances that
have produced the crack length vs baseline hours curves. The
resulting errors are not quantifiable but two potential sources
can be considered.

Normal acceleration is fairly well correlated with
wing stresses in A/F/T aircraft but other parameters must be
included for a more accurate stress prediction. 1In deriving the
relationship between n, level crossings and crack growth, all
other parameter are ignored under the assumption that their values
are representative of force usage. If operational usage changes
significantly, the correlation between n, and crack growth could
also change significantly and the correlating equations between
n, and crack growth would need to be modified. 1In particular, the
next most important parameters for calculating stress would be the
mission parameters of aircraft weight and configuration. To
minimize this error source, the accelerometer counts could be
recorded after each flight and submitted with mission data which
describe weight and configuration. Although this approach has
been used in tracking systems based on Miner's damage, no crack
growth based system has been made operational using flight-by-
flight accelerometer recordings. The added requirement of a
form (accurately completed) for each flight could lead to a
high percentage of missing data and, hence, more inaccuracy due to
gap-filling. On the other hand, the constant recording of
accelerometer counts could lead to quicker detection of counting
accelerometer malfunctions. The effects of this trade-off are
unknown in general. However, the A-7 IAT program is based on
monthly readings of the counting accelerometers and reports a data
capture rate of 70%. The A-10 IAT program requires flight-~by-
flight recordings and reports a capture rate of 90% (See Reference
1) . The causes of the missing data would have to be investigated
before a general conclusion regarding missing data from the two
approaches could be formulated.
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The second error source which can be addressed
relates to the error which results from a regression equation for
predicting damage index. From Volume 3 of this report, an
equation for predicting damage index is given as

DI = 0.004 + 0.0000689E5 + 0.000204E
6 (28)

+ 0.0000717(Tinme)
where E and E. are cumulative exceedances of 5g and 6g,
respectively, and Time is total airplane flight hours. For this
aircraft,

Baseline Hours = 4000 DI (29)

The equation was derived on the basis of a least squares fit for
seven distinct usage severities. When the regression equation

is applied to the initial data, the estimated coefficient of
variation of the prediction errors is 4 percent. Note this error
measure applies to the ability of the linear equation to model
damage index. It does not include differences in potential crack
length that would be due to variations in stress for a fixed n,
level and sequence effects of the stress spectrum. However, the
4 percent coefficient of variation does represent a lower bound
on the variability in the predicted baseline hours for a particular
airplane.

3.3.4 Crack Growth Gages

The crack growth gage is a genericaliy different
approach to tracking than those previously considered. The gage
is a small, cracked structural element which is attached to the
structure being monitored and which experiences the same stress
environment of the control point. The length of the crack in
the gage is the activity indicator and the tracking function is
accomplished by correlating this actual gage crack length with
potential crack lengths at critical location in the structure.
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Several research problems need to be resolved
before the crack growth gage can be considered as a practical
tracking device. They include the demonstration that the
correlation between gage and structural crack length can be made
independent of the stress spectrum and the practical problems
associated with field applications. However, a general obser-
vation regarding error variability can be made regardless of the
resolution of these problems.

Since it is impossible to manufacture two absolutely
identical gages with absolutely identical initial cracks, a pop-
ulation of crack growth gages subjected to identical stress
environments would display a distribution of crack lengths at any
point in time. Conceptually, the curve defined by the means of
these distributions would be the accurate potential crack length
indicator by analogy with the definition of accuracy of Paragraph
3.1. Since the behavior of a randomly selected gage from the
population will not be known in advance, deviations from the average
curve can be considered as random errors.

To present an indication of the magnitude of this
source of variability, crack growth data from 68 tests of iden-
tical specimens under an identical constant amplitude loading
environment were analyzed. The test program is described in
Reference 9. Figure 16 reproduces the 68 crack length curves as
a function of number of applied cycles (time). Assuming these
curves are representative of crack growth variability in identical
crack growth gages, it can be seen that the variability in crack
length at fixed time increases with time and becomes significantly
large. To quantify the variability, the mean and standard
deviation of crack length were calculated at 70,000, 140,000, and
210,000 cycles. These values are given in Table 8.
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TABLE 8

CRACK LENGTH VARIABILITY OF IDENTICAL SPECIMENS
UNDER IDENTICAL STRESS ENVIRONMENTS

TIME (CYCLES)

70,000 140,000 210,000
Average Crack
Length (mm) 11.83 17.21 29.01
Standard
Deviation (mm) 0.394 1.19 3.36
Coefficient of
Variation 0.033 0.069 0.116

In a practical application the variability due to the correlation
between gage crack length and critical location would be added
to the gage to gage variability.
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SECTION 4
LOADS/ENVIRONMENT SPECTRA SURVEY FUNCTION

The Loads/Environment Spectra Survey (L/ESS) function is
concerned primarily with the collection and processing of usage
data from aircraft performing répresentative operational flights.
The L/ESS function does not directly impact decision making but
rather provides a data base primarily for (1) checking assumptions
previously made about the operational stress spectrum and (2)
updating (when necessary) the durability and damage tolerance
analyses (DADTA) and the force structural maintenance (FSM) plan.
(On occasion, L/ESS data have also been used as a supplement in
IAT programs but this is not considered to be a primary function.)
Figure 17 presents a schematic of the L/ESS function through the
requirement of the initial L/ESS. Updating the DADTA and FsSM
plan are not analysis requirements of the L/ESS function. However,
developing the operational spectra and comparing the current
operational spectra with the previous are clearly identified L/ESS
functions. Monitoring for usage change can be an L/ESS function
but may also be accomplished on the basis of other data.

According to MIL-STD-1530A, the "objective of the loads/
environment spectra survey shall be to obtain time history records
of those parameters necessary to define the actual stress spectra
for the critical areas of the airframe." The prevailing connota-
tion of this objective has been a large data set which contains
statistical summaries of loads parameter and/or stresses strati-
fied by flight conditions (mach number, weight, altitude, con-
figuration) and mission description (mission type or segment, base
of operation, command). Such data sets can also be used to
summarize how the aircraft are being flown to generate the stress
cycles which influence the potential crack growth at a critical
location. Recently, L/ESS programs are also being considered
based on monitoring only strain cycles at one location.
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In the following paragraphs, several aspects of the L/ESS
function are addressed which are related to the problems of
data collection and processing. The particular topics to be
addressed are sample size evaluation in L/ESS; usage change
detection; mission descriptions; design criteria data; and
duration of the L/ESS.

4.1 SAMPLE SIZE CONSIDERATIONS

The loads, strains, flight condition and mission parameters
which are usually construed as L/ESS type data exhibit considerable
variability from flight to flight under routine operational usage.
Under the best of circumstances, this variability makes it
difficult to decide if the spectra in one period is different
from that of design or a different period. Further, a typical
spectra is defined in terms of a large number of distributions
of the relevant load parameters for the flight condition and
mission categorizations of interest. The combination of these
complicating factors has inhibited the definition of criteria for
identifying changes in operational spectra. Hence, there is no
commonly accepted analytical techniques for testing equality of
operational spectra (i.e. detecting changes) or for determining
the required amounts of data to yield sufficient precision in
the estimated spectra. An analytical approach to the sample
size problem, based on the metric of Miners damage per flight,
was formulated in References (10) and (11). Although this metric
is unacceptable under the current damage tolerance approach to
structural integrity, these reports present discussions of the
problem of obtaining random samples in the stratifications of
interest which are applicable to any monitored metric.

In the following, a crack growth based metric is proposed
as a possible parameter for analytically determining the quantity
of data required by an L/ESS program to achieve a given degree
of precision in the metric. The parameter can also be used in a
statistical test for changes in operational spectra. The dis-
cussion will center on potential crack growth at one control point
but the analysis considerations can easily be generalized to
multiple locations.
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It is generally recognized that the L/ESS function is
achieved by monitoring only a sample of all possible flights of
the particular force of interest. Thus, it is necessary to assume
that any particular sample of monitored flights is a random
(representative, unbiased) sample for some population of interest.
The economics of data collection for sampling operational usage
dictates that the data sample will be obtained from the flighkts of
a fixed set of instrumented aircraft. If the recorded flights
are reasonably representative of total fleet operations, then the
sample will be completely random and statistical inferences can
be made without stratifying the population of all flights into
sub~populations. However, it is common for certain mission types
to be disproportionately represented in a sample of monitored
flights (as determined by comparison with an independent data
source). In this case, the monitored flights are representative
only within stratifications of the population of all flights.

Some example stratifications are divisions defined in terms of
mission types, mission by base combinations, mission éegment by
mission design series, etc. Inferences made for a group of
airplanes are then made by combining the results from individual
stratifications. Note that the stratifications, if any, must be
defined by an analysis of the operations to be sampled and the
extent of the inferences to be drawn from the sample. 1In the
following it will be assumed that a random sample of operations
from one stratification will be obtained. Methods of combining
data from several stratifications are described in References

10 and 11.

To develop an analytical approach to sample size determina-
tion and usage change detection in L/ESS, it is necessary to define
a metric which is (1) relatable to design or previous operational
usage spectra, (2) descriptive of severity of operational usage,

(3) calculable as part of a routine L/ESS output, and (4) has
known statistical properties so that inferences can be drawn
regarding sample sizes and usage changes. One such metric that has
these properties is the estimated potential crack growth during

a flight given one fixed crack length at the start of all flights.
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Assume that

da _ m

an - b [£(K)] (30)
where

f(K) = fz(a) . fl(O) (31)

This model assumes the crack growth rate is an exponential
function of the stress intemsity factor and that the stress
intensity factor can be separated into a crack length component
and a stress component. For example, in Paris' equation

£(K) = 2K (32)
= B(a) vYma - Ac
and
£,(a) = B(a) YTa (33)
fl(c) = AC (34)

where 8(a) depends on crack length and geometry. During flight
i, an aircraft will experience Ni load cycles at the potential
crack site and a potential crack will grow an increment Aai where

Aai = _Z A a,. (35)

and A a4 is the crack extension due to the jth stress cycle

in the ith flight. Assume that the potential crack has length a,
at the start of each flight and that a negligible error results
if crack length at the start of the flight is used to calculate
all increments during the flight. Then
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ba, = T b £(K;) "
3=1 ’
- b £ £ m

b [£,(a ) 1" g:l[fl(oij)]m
The potential crack growth for the fixed length is proportional
to a function which depends only on the stress cycles encountered
during the flight. Since the number and magnitude of the stress
cycles encountered in a randomly selected flight are random
variables, the quantity
Nj
X; = 5 [f,(0, 01" (37)
j=1
is a random variable which describes the severity of the flight
and is crack growth based. Since Ni is not necessarily large,
the distribution of Xi will not be known in general (even though
it is modeled as a sum of random variables). However, it is
possible to empirically determine distributional properties of
Xi over many flights and compare these with the equivalent
properties from the design or previously used operational
spectrum to test for changes in usage. Further, aualytical
sample size considerations could be approached from the view-
point of determining the required number of flights to estimate
the average xi within a pre-specified degree of precision.

Before discussing these concepts further, two points should
be noted with respect to the activity indicator of Equation (37).
In Reference 12, "Improved Methods for Predicting Spectrum Effects -
Phase I Report,"” the authors propose a characterization of random
spectra in termz of the parameter,

1/b
K= (48 0cP) v(a) (38)




"where A oP represents the statistical average of the bth power i
of the stress rise Ac in the stress history and ¥Y(a) is a function
of crack size a, whose analytical form depends on the crack shape". *
The results of this study indicate that the average xi may well
provide a relevant indicator of usage activity.

In a somewhat different context, General Dynamics has
modeled crack growth in terms of the function,

da _ b
a = Q [a(t)]™ - (39)

They have concluded that the parameter b is "fairly well behaved
for most FHQ (Fastener Hole Quality) data sets. In most cases,

b is approximately 1.0", Reference 13, p. 13. With the parameter
b equal to unity an exponential crack growth model results as
discussed in Reference 1l4. 1In fact, in Reference 14 it is shown
that (with b=1) the potential crack length at the end of t flights
is given by:

a, = a, exp {0 X ()} (40)
where
t
X(t) = 'El Xi (41)
i=

In this formulation, X(t) will have approximately a normal distri-
bution for large t, with mean and variance given by

E{X(t)] = t E (x,)

(42)
var [X(t)] = t var [xi]

Therefore, the distribution of the predicted crack length can be
modeled in terms of the mean and standard deviation of the activity
indicator of Equation (37).




The activity metric defined by Equation (37) is directly
proportional to the potential crack growth during a flight or
flight segment of a crack of fixed initial length. Define this
as the standardized crack growth rate metric. The standardized
crack growth during any one flight or flight segment will be
unknown but can be described as a random variable. Past experience
with other such metrics indicates that the distribution of X will
be highly skewed (to the large crack growth per flight side) with
a large standard deviation as compared to the mean. If the average
of the distribution of standardized crack growth rates is taken as
the measure of operational usage during a flight or flight segment,
the objective of the L/ESS can be interpreted as estimating this
average. Further, the precision of the estimate is determined by
the number of sampled flights or flight segments so that given
some estimate of the standard deviation of standardized crack growth
rates a sample size can be predetermined to yield a desired degree
of precision with a desired degree of confidence or, conversely,
given a sample size the degree of precision can be estimated.

Note first that for practical purposes it will be sufficient
to define fl (o) as the maximum stress in a cycle (cmax) or the
change in stress during a cycle (Ac). If a relatively constant
stress to normal acceleration (nz) relationship exists for the
critical point of interest, the standardized crack growth rate
metric is equivalent to I (peak nz)m or L(A nz)m. In more complex
response locations, it will be necessary to first calculate (or
measure) the stress response at the location of interest before
calculating the metric. Thus, strain at (or near) the monitored
locations would be reasonable parameters to monitor in this latter

case.

Assume that a random sample of k flights (or excursions into
a flight segment) will be monitored and for each flight the
standardized crack growth rate metric, xi, will be calculated.
Under the assumption that the sample is representative of a fixed
population, the xi can be used to estimate the statistical pro-
perties of the population. In particular, assume that the usage
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being monitored can be summarized by the mean, My of the popu-
lation of metrics. In this formulation, it is quite simple to
determine the number of flights to be monitored to achieve a
specified level of precision with a given level of confidence, if
k is sufficiently large.

If k>30, it can be assumed that the distribution of

X = = X, = = z £, (0..) (43)
kK ey 30K oy gm0

is approximately normal with mean and standard deviation given by

uy and sx//E_, respectively. Two sided, 100 (l-a) percent confi-
dence bands on the true average standardized metric are calculated
from
v _ H
p{ | B XK |z} =1 (44)
X a

where za is obtained from a normal distribution with zero mean
and unit standard deviation. Then

2 S )

p{ - 22X < (x- ny) < — X} 1-a (45)
or
zZ S X -y zZ S
p{ - X X ¢« 80X 3} 231-g (46)
k oy Ux "E“x

This inequality expresses the imprecision in the estimate of the
mean in terms of percent error. Define the percent error confi-
dence bound, E, as

z S
E=-2X%X (100 (a7)
vk My
or equivalently
A
k = [—2-(100) c]? (48)
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where C is the coefficient of variation

Equation (48) can be used to determine the sample size to achieve
desired precision for fixed confidence and coefficient of varia-
tion. For example, Figure 18 is a plot of percent error confi-
dence bound versus sample size for 95 percent confidence and vari-
ous coefficients of variation of the standardized crack growth
rate metric. The values of C span the ratios of standard devia-
tion to mean that would be expected in field data based on past
experience with the metric of Miner's damage per flight. As a
guideline, Table 9, from Reference (l1ll), presents observed
coefficients of variation that were obtained using Miner's damage
per flight. These values indicate the scatter that will be present
in the per flight standardized crack growth metric as both are
strongly correlated with n,. Smaller values would be expected if
a sample is defined by each excursion into a flight segment.

As an example of the interpretation of the data in Figure 18,

assume that the coefficient of variation for the usage metric is

2.0. Then to be 95% sure that the average crack growth rate metric
will be within 10 percent of the true value will require a sample
of 1536 flights. Conversely, if a data sample of 500 flights is
available, then there is 95% confidence that the true metric is
within 17.5 percent of the observed.

Several points should be made regarding the use of Equation
(48) or Figure 18. Recall that the inference is valid only over
the population for which a random sample was obtained. Thus, if
in a given L/ESS program, the data are considered to be random
samples for each mission types, the mission characterization
precision can only be defined in terms of the number of flights of
each mission type. It should also be noted that it is not
necessary to have the same precision for all stratifications.
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If, for example, certain mission types are far less damaging than
others, less precision could be tolerated in the standardized

crack growth metric. These ideas are further expanded in

References (10) and (11) and their ramifications will not be further
pursued.

The above sample size determinations yield the number of
flights or flight segments to be monitored to achieve the desired
precision. It is assumed that sufficient precision in the
standardized crack growth rate metric will also imply sufficient
precision in the distributions of loads parameters that result
from the monitored flights. The desired precision is achieved
from a random sampling of all flights or flight segments within
the population and, thus, is independent of the number of instr-
mented aircraft and/or the time period over which the flights are
monitored. These decisions will have to be made on the basis of
engineering judgement of the time frame during which decisions
will be required. These decisions will also be influenced by the
capture rate of valid data that can be expected for the particular
aircraft and recording system.

MIL-STD-1530A also specifies that the "Air Force will also
be responsible for ensuring that survey data are obtained for
each type of usage that occurs within the force (training,
reconnaissance, special tactics, etc.)" For some aircraft types,
this requirement poses no particular problem as the usage need
only be obtained for a few stratifications as defined by, say,
mission types. For others, however, the usage is extremely
diverse and there are so many mission design series that consi-
derable care must be exercised in the allocation of monitoring
equipment to aircraft. Further, it may ‘also be necessary to
monitor usage for considerably longer periods of time to obtain
a desired degree of precision. Regardless, the above formulation
can be used to determine the number of flights that should be
monitored or conversely to evaluate the precision given a fixed
number of monitored flights.
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4.2 USAGE CHANGE DETECTION

In addition to defining the operational usage stress spectra,
MIL-STD-1530A also indicates that the L/ESS function includes a
proposed "method to be used to detect when a significant change
in usage occur to require an update in the baseline operational
spectra." An optional approach to usage qhange detection is
available if the appropriate data is available as part of the IAT
program. Historically, usage changes have been interpreted in
terms of changes in exceedance distributions for some level of
stratification of the total population of potential uses. Emphasis
has shifted, however, to considering changes which can impact the
monitoring of potential crack length to reach a pre-defined size.
Thus, usage change detection should be defined in terms of para-
meters which occur at the interface between both the IAT and the
FSM portions of force management.

Viewed in this light there cannot be a universal answer to
usage change detection. In transport/bomber tracking, the basic
element of data collection is the pilot log. With this source of
data for tracking, potential crack growth rates by data block
(loosely defined) are the essential parametric input as mission
type and time in data block are directly monitored. Thus, the
stress histories within the data blocks are the key parameters
for feeding the tracking program and projections of crack growth
are based on predicted amounts of time in data blocks. Contrast
this situation with a counting accelerometer based tracking
system in attack/fighter/trainer aircraft in which the accelero-
meters are read monthly. 1In this type of program, potential crack
growth and predicted crack growth are both dependent on assumptions
regarding mission mix (weights and configurations) as well as
severity of usage while performing the missions.

In the following paragraphs, usage change detection is
considered as a function of either the L/ESS or the IAT programs.
Note that usage changes might also be detected by comparing
planned and current flight operations.




4.2.1 Usage Change Detection From L/ESS Data

While recognizing that usage change detection must
be tailored to meet individual needs, the standardized crack
growth metric, defined by Equation (47), can provide a basis of
co.mparison of magnitudes of stresses within a stratification. As
noted earlier, this metric is proportional to a predicted crack
growth of a crack of fixed length, can be easily calculated
(particularly if stresses are being monitored as part of the L/ESS
or IAT systems), and can be calculated for an entire flight or
for shorter segments as defined by data blocks if desired. When
calculated for operational aircraft, the metric can be considered
as a random variable which measures the severity of usage in crack
growth terms. One part of the question of usage change detection
can be approached by this metric by comparing its distributional
properties observed in the field with equivalent properties of
the design or baseline spectra.

While the data are not available to present detailed
examples, the application of this metric for usage change detec-
tion would be straightforward for a particular system of interest.
In a forms monitoring application, the key L/ESS output is the
measure of the average crack growth for a unit time in a defined
flight condition. The data which is used to calculate this input
can also be used to generate the average standardized crack growth
rate metric. The monitoring operation would consist in calculating
the mean and standard deviation of the metric from the operational
flights and performing standard statistical tests on the equality
of the operational and baseline averages. In an aircraft which
has a counting accelerometer based IAT tracking system, stress
spectra over much broader stratifications must be considered.

Usage severity may be compared as above on the basis of a mission ;
stratification but a comparison of planned and actual mission

mixes would also be required. Thus, a significant change in the
severity of performing missions could be detected by the tests

on the metric and significant changes in mission usage would be

detected by tests on equality of mixes. Changes in either of these
factors could affect the estimated potential crack length from the

IAT and the projected time until a maintenance action is required.
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4.2.2 Usage Change Detection From IAT Data

The key output of an IAT tracking program is the
estimate of potenital crack length at each monitored location in
each airplane of the force. The potential crack length is
coupled with a crack length as a function of flight time in base-
line usage to arrive at a predicted number of flight hours until
the potential crack would reach a length which requires a main-
tenance action. This process is illustrated in Figure 19. At
calendar date, Di' the airplane has logged t; hours and the
estimated potential crack length is a,. For this crack length,
the airplane has flown the equivalent of ti baseline hours and
tc—ti baseline hours remain until a maintenance action is indi-
cated. At calendar time Di' the predicted number of months to
maintenance action, Li, can be calculated as
t-ti

= (¢
Ly )

) R

(49)

where U is the expected number of flight hours per month and R is
a severity factor reflecting possible differences in usage from
the baseline spectrum that yielded the FSM plan behavior.

This estimate of calendar months to maintenance
action is based on assumptions rega :.ng future usage. If, over
a given time period, the usage is consistent with the assumptions,
then the projections should also be consistent. (Note that this
consistency is defined across the stratification of the total force
for which a constant severity factor would apply). On the other
hand, if the projections are not consistent over the period, the
aircraft are being flown differently than planned and a bias is
being introduced into the projected times to maintenance action.

Since the planned usage (FSM crack growth behavior)
is defined for an "average" aircraft, any changes in usage must be

detected by considering changes in projected months to maintenance
actions across a population of aircraft. Figure 20 illustrates the
calculation of months to maintenance action for airplane j at the
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ith and (i+l) the update of the IAT program. If this airplane
had flown exactly as planned then the projected date of the
maintenance action would not change. That is, if the IAT updates
are 6 months apart then the predicted calendar months to mainte-
nance action would differ by 6 months. More generally,

Ti,5 = Ti+1,5 = Pis1 ~ Dy (50)

Since the tracking program is updated for all aircraft at the
same time, the months between updates does not depend on the
individual aircraft and is known exactly (e.g. 6 months). There-
fore, by considering the differences in projected months to main-
tenance actions (Ti,j - Ti+l,j) to be a random variable, the

statistical properties of (Ti,j - Ti+1,j) can be analyzed. 1In

particular, a test of the hypothesis

o~

H: T

of Ti,; ~ Ti+l,; (Dj4q = D) =0

i+l i

versus

Hyt Ti,9 "~ Tiv1,5 ~ (Py4q ~ D) #0

can easily be performed for those stratifications for which there
are sufficient aircraft to assume normality of the sample averages.
This formulation assumes that the experience of the individual
aircraft in the period is representative for the population and
that the severity of usage in one period is independent of that

in the next. An example of the application of this test and a
demonstration of the validity of the independence assumption is
presented below.

Note that if the test indicates a significant
difference between maintenance dates for the two periods, a follow-
up analysis will be required to determine if the difference is due
to the flying rate or the severity factor. A test on the average
flying rate could easily be performed since the total flight hours
of each individual aircraft are routinely reported at each IAT
output,
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As an example of the application of this trend
analysis of usage, recent IAT data from an A/F/T Aircraft (Refer-
ence 5) were analyzed. Since tracking reports on each airplane
were available over a several year period, remaining years to
potential critical crack length were calculated for each of four
updates separated by six-month intervals. The IAT updates were
dated January 1978, July 1978, January 1979, and July 1979 and
spanned 3 time periods of activity.

Cumulative distributions of the time to potential
critical crack lengths for the four time periods are presented
in Figure 21. The variability in any one of these curves reflects
the individual usage as well as the age of the aircraft, i.e. the
baseline ages. If usage in each of the three periods was as planned,
then the four curves would be offset by 0.5 years. As can be seen
in the figure, this is approximately true.

To test the significance of the changes in predicted
times to maintenance actions, the differences were calculated for
each aircraft in each of the three time periods by means of the
formula

Aij = Ti,j - Ti+1,j - 0.5 (51)

where i = 1, 2, 3 and j is an index on the individual aircraft.
Cumulative distributions of the differences for the three time
periods are presented in Figure 22, Since no changes in planned
usage would correspond to an average difference of zero, this
hypothesis was tested for the three periods with the results as
summarized in Table 10. The results of the test indicate that
usage was consistent with planned during the first two periods

but was more severe during the third period. Note that the average
change in predicted average time to maintenance action is about 2
months which may not be practically significant.

To test the assumption of independence of usage in
consecutive time periods, the differences for each airplane were
correlated between time periods. Figure 23 presents the scatter-
gram for the correlation between the first and second time periods.
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TABLE 10

TESTS OF SIGNIFICANCE OF USAGE CHANGES
IN THREE PERIODS - EXAMPLE A/F/T DATA

Period 1 Period 2
(78/1-78/7) (78/7-79/1)
0.06 0.00

A 0.36 0.43
SK 0.041 0.050

Student's t l1.46 0.0

*Statistically significant at 99 percent level.

Period 3
(79/1-79/7)
-0.15
0.29

0.033

*
—4.6
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This was the strongest correlation among the three pairs and
produced a correlation coefficient of r = 0.06. Therefore, at
least for this aircraft, the severity of usage is independent
between consecutive time periods.

4.3 DESIGN CRITERIA DATA

The AFR 80-13 requirement to provide structural design
criteria data has generally been interpreted to belong to the
L/ESS function of MIL-STD~1530A. The following paragraphs briefly
summarize the design criteria data requirements.

The design durability and damage tolerance analyses of a
new aircraft system are dependent on the sequence of repeated
loads the aircraft will experience during its lifetime. To
specify this sequence, it is necessary to have an estimate of the
number and severity of the load occurrences which will be
encountered. These are obtained from a combination of the
desired usage of the new aircraft and observed usage of current
similar aircraft.

The desired usage of a new aircraft system is defined in
terms of the expected frequencies of mission profiles the air-
craft will fly during its lifetime. Each profile defines time
histories of airspeed, altitude, and weight as well as stores
configurations, average fuel usage, number of pressurization
cycles and number of touch-and-go landings. This information
provides the basis for the flight conditions used to compute the
loads and the total time for each flight condition which allows
eventual determination of the number of load occurrences. Figures
24 and 25 show one method of presenting mission profile data
(Reference 15).

The observed usage of current aircraft provides load frequency
and relative magnitude information. This is given as the number of
exceedances of a given load level, as indicated by the peak load
factor, Ny, for a reference flight time. The reference flight time
has usually been taken to be 1000 hours for convenience. Figure 26
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CUMULATIVE OCCUKRENCES PER 1000 MISSION HOURS
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shows a sample n

2 spectra. Current practice then combines the
observed n, distribution with the mission profile and desired
life information to produce a table of occurrences at various
n, levels for each mission. Since each peak n, value represents
a load level, the total predicted number and relative magnitude

of the loads for the life of the aircraft are now known.

This information is not sufficient to accurately compute
the magnitude of the loads. Still required are the other motion
parameters which are coincident with the peak n,. These include
pitch, roll, and yaw angular velocities and accelerations, lateral
and longitudinal linear accelerations, and the airspeed, altitude,
weight data from the mission profiles. The aircraft motion para-
meters are typically recorded during L/ESS programs but the data
have not generally been processed in a format convenient to the
design criteria requirement. Aircraft motion parameters have
been found to be conveniently summarized in bivariate tables of
n, or ny and coincident values of the other parameters. Multi-
variate data sets can then be reconstructed by computer simulations
as in, for example, the Vought Corporation FLISPEC Program

(Reference 16).

The design criteria data requirement can easily be met by
L/ESS programs if the appropriate output is made a part of the
L/ESS function. Further, since sufficient data will be collected
during the initial L/ESS to characterize the operational usage
of a new aircraft, this quantity of data will be sufficient to

specify the joint distributions of motion parameters for design
criteria purposes.




4.4 MISSION DESCRIPTIONS

Although not a specific requirement of MIL-STD-1530A,
operational mission descriptions are often produced as a data
product of the force management system. These descriptions may
include such data as numbers of flights and landings and percent
time in combinations of missions, mission segments, weight, air-
speed, altitude, or configuration for each base of operation.
A/F/T aircraft mission descriptions might also include normal
load factor exceedance curves for missions, mission segments, or
bases. The objective in producing the mission descriptions is
to provide a basis for comparison of current with planned usage
as defined by mission parameters.

The mission descriptions are generally considered to be an
output of the L/ESS. In the T/B aircraft, however, the data
required for a mission description is contained in the pilot log
form which is the basis of IAT. Such mission descriptions in
T/B aircraft are derived as a part of the IAT function. In A/F/T
aircraft, the tracking program does not, in general, contain
mission data and if a mission description is derived, data from
the L/ESS program or some other source would be required. Note
that only a relatively small proportion of an L/ESS data set
would be reguired to meet this objective.

4.5 DURATION OF THE L/ESS

MIL-STD-1530A is ambiguous about the duration of the L/ESS
program. Beginning with the first production airplanes, the
requirement is clear that the L/ESS will continue for
3 years or until one design life of valid data has been collected.
After this initial L/ESS and the DADTA update, however, the
requirement is to detect usage changes and, if necessary, generate
new baseline operational spectra. These latter requirements
have been interpreted to imply that the L/ESS will continue with
objectives of detecting usage changes and having available a data
base for a new DADTA if a significant change is detected. 1In

98




view of the large costs associated with the complex process of
continuously recording and reducing the multichannel data of
L/ESS programs, the potential benefits of these objectives should
be reviewed.

From the viewpoint of input in a DADTA, three types of usage
changes are significant:

a) an initiation of a new mission or mission segment
b) a change in the magnitude of stress levels
c) a change in the exceedance rate of stress levels

The stress environment in T/B aircraft is governed primarily by
mission usage which is monitored on pilot logs or turbulence
which is a random property of nature. For this aircraft class a
usage change would most probably be defined in terms of different
mixtures of time in flight conditions or new mission segments.
The former case is handled naturally by the pilot log tracking
system with a recalculation required for the projection of
potential crack length as a function of time. The latter change
would require a characterization of only the new mission segment.

A/F/T aircraft usage changes would be defined only in terms
of magnitude and frequency of occurence of stress levels. Both
of these types of changes could easily be detected in an IAT
system based on stress measurements. If the tracking system were
based on load factors, some form of supplementary data would be
required to detect changes in the magnitude of stress levels.

In particular, a general change in stress levels could result
from performing maneuvers at different weights than in the
original L/ESS characterization or from modifications to the
aircraft which would change the stress response or pilot tech-
niques during the performance of a maneuver. The potential for
the latter change would be readily apparent to the ASIP manager.
The former could be detected by a periodic review (survey) of
operations. In either case, potential changes in usage would be
detectable without the operation of multichannel recorders in 10
to 20 percent of a force.
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As noted earlier, there is a large degree of scatter in
the stress environment of aircraft ostensibly flying the same
mission. One result of this scatter is to mask the severity of
usage in a period. To detect changes in usage from one period
to the next for a particular stratification may require more
data than is available from the sample of fleet operations. This
is particularly true when the less than 50 percent capture rate
of L/ESS programs is considered. Therefore, it is doubtful that
usage change detection will be accomplished statistically from
L/ESS data. Rather, if it is accomplished from this data source,
it will be the result of unusual response at an unexpected time
(e.g. the introduction of a refueling mission segment) which can
also be detected from other sources.

The above paragraphs indicate that the objective of usage
change detection can not only be met by data from other sources
but, in fact, may be more efficiently met by the other data
sources. Since the L/ESS system is very expensive as compared
to a system designed around IAT, aircraft records or periodic
questionnaires, it is also more cost effective to use the other
data sources.

Beyond the requirement of usage change detection, the
objective of a continuous L/ESS is to have available a start of
a database for analysis. This data base has four potential uses:

a) a significant usage change will require a new set of
load sequences on which to base the DADTA;

b) an unexpected or unusual structural problem at a base
could lead to an analysis of the usage at that base;

c) the monitoring of mission descriptions;
d) the development of design criteria type data.

If a change has occured that is of sufficient magnitude that a
new DADTA will be required, (e.g. a major structural modification),
it will also be of sufficient magnitude that data from before the
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change will not be mixed with data after the change. 1In this
case a new L/ESS would be planned and initiated so that L/ESS
data would be available for the new load sequences. If only a
new mission segment is introduced, only that segment need be

monitored and all other representations would be as originally

determined.

The second and third potential uses are quite similar and
are a valid reason for continuing an L/ESS type program for
A/F/T aircraft. (For T/B aircraft, this information is better
obtained from the IAT data base.) However, these objectives
would be met by processing only the normal acceleration, airspeed,
and altitude data. The time and effort required to collect and
process the other parameters are not justified for these uses.

Finally, the data for the design criteria requirements can
be met during the initial L/ESS. This requirement does not
justify-a continuing L/ESS program.

Assuming the existence of an adequate initial L/ESS, an
IAT program, and a periodic examination of auxilary data that
would indicate usage changes, it would appear that a continuing
L/ESS program is not necessary, in general. If it is judged
important to monitor operations for a particular force, this
function can be accomplished by processing only the data from
three channels. Therefore, it is recommended that the L/ESS be
required only for the initial characterization of operational
usage and for special characterizations during the life of the
aircraft. A continuous L/ESS would be permitted but a separate
justification would be required. This approach to the L/ESS
function effectively makes L/ESS a contractor responsibility and
relieves ASIMIS of a massive data processing burden.
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SECTION 5
FORCE MANAGEMENT DATA PRODUCTS

Task V of MIL-STD-1530 assigns to the Air Force the respon-
sibility "for deriving individual maintenance (inspection and
repair) times for each critical area of each airplane by use of
the tracking analysis methods and the individual airplane tracking
data." To accomplish this objective, the ASIP OPR will require,
as a minimum, current estimates of potential crack lengths for
each airplane, a projected crack growth curve for anticipated
usage and estimates of future flying rates and severities. However,
this minimum data is often not sufficient for the decisions required
of the ASIP OPR. Further, the minimum requirements can be met by
data formats and presentations which are not convenient for appli-
cation by the ASIP OPR.

This section discusses different types of data products that
could easily be obtained from a force management data package if
the desired products are specified early. Different aircraft types
will have different data requirements and the varieties of data
presentation are endless and a matter of personal preference.
Therefore, the discussion is presented as a stimulant for further
developments in summarizing the results of force management data.

5.1 CURRENT STATUS

At the time of each IAT update, output will be generated
which will describe the current structural status of the force.
The current status will be based on estimates of potential crack
length (or, equivalently, on damage indices or baseline hours) and
a list of these values for each airplane is generally considered
to be a mandatory output. Table 1l provides ar example of a
partial list in which the table is ordered by descending damage
index. Other orderings are common as, for example, aircraft
serial number or damage index by base or model, etc. Table 12
provides another example of current status in which the tracking
history of each aircraft is presented.
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In addition to detailed listings, summaries of the current .
status provide a quick look capability. Obvious choices for such :
summaries would be histograms of current damage indices for
stratifications of interest. However, another approach is that

of Figure 27 which presents a histogram of percent service life
remaining.

5.2 TIMES TO MAINTENANCE ACTION

Since maintenance actions will be scheduled in terms of
potential crack lengths and planned usage, the data system can be
designed to output information regarding the scheduling of main-
tenance actions. Obviocusly straight listings of projected dates
by tail number or analysis location would provide the data.

Other types of presentations can be used to emphasize or summarize.

Table 13 graphically displays a projected inspection schedule
for the analysis location of a single airplane. Table 14 represents
Lockheed-Georgia's clever method of displaying the projected dis-
tribution of number of aircraft that will require the maintenance
action during the indicated quarter. The histogram blocks are com-
posed of the manufacturers serial number so that the histogram also
indicates the prediction of the precise airplanes which will require
the maintenance action.

Figure 28 emphasizes the maintenance action. 1In this figure
the calendar period during which the action will be performed is
displayed for each type of action. Obviously the complete distri-
bution rather than the mean and range can be presented at the
expense of volume of presentation.

Table 15 is an example of a near term maintenance action
summary. The table indicates the actions that will be required for
each location and airplane in a given time period.
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Figure 27. Example of Quarterly Distribution of
Aircraft Structural Life Remaining.

106




n
5 1 1)
"
| 1 1]

¥ ”

107

00 9 NONOL
2018 TMA ~ "Sw mwwaeiy T ew ‘wes um
oI TVIOT  © ‘swm imo1us T ‘ew ‘wis ajv
.u..;m (oswy) {puvwasoy) mmﬂ.u | qou.:-hm

axfon maga— 3/

dILVd NOILOAISNI X9 gIINVH
SNOILVYOOT SISXATUNY ¥04d T'INAIHOS NOILOIISNI IJIWVNOYUIV TVNAIAIANI TTIWVXT

£ET JTAVL




OF LOCE®IID MECANI! CORPOTATION

LOCXHEED.GEQRGIA COMPANY

A BIVINCH

Sfotdaia

MARIETTA,

Il'llll(!lllllllll.ll'illlll!'llltbl\l!-l'oll!l

by n.e* W w.r* .eo— . m.e
JUM0MNIS WOd USNNY IS AVIHINWD) - - - - -

[ T L T

!l!!ll!llll(lllll!!Illllllﬁ.lllllllll’!llllll

T it hadind
- l|’|llllll\IOlltll||fll|3’||l¢|0|ll|ll1||(

. vijvenn om’¢u.¢=.

e wltu il

el by

-—————— ilillll!!ll!il!ll'll‘l1!lv'!l.ll'
OUIllllllval|Il»lla'lllllllliill!ll -

‘-od S c-oﬂ » ”.e* v «-e* > ..e~ R Y

ION-~- HOIL1IIISHE w0 SNUISIADNY

#-,m w-r—

saNiLL) 4 OND dvd wana)

P e T

—n - e e e =

W

moswavms

A -._e« Ve v

P T L T Y P P P TP 2 X L el g

I

0o

P

J N L bt L OOt bttt tald

whi3d 300 §4vadn(y FAsU0 fo)

; E? e u ume

II'OI"IO|l'|l'lllll0'00’0||||l||Ill'l|00'll'lllllli

AR LR M

WY3IU Wv3IW DHIM NIINO ONY MINMI

. e E R .-~

———
2388y niis

uuu”uumuud“‘muu”uum”n”uuun“wuumun””u”u”u””wuuuuu”““”u”mnnuunuu-.--n----.-----,h,---,------n-,--.---..‘L.---.---:.-“.---=.-- ."“m-.
i
ik
.l | |
) R
........... :i.fz;f~

Sef '

N PR

uz._:u ..::

*WMMbnm 5gm“= -;.;xxgw ‘B0 ._zmww

-rm cz.

“cr* .

*cr*

tf '

R

w.B.- HOE1)345M) E: uzc.u.z.xs

e ema— e e F S P v S ee e e e

.......... us-..n.4l|a|.|.||

it

U —.: HY
<—-=: i LY uucc

J¥) NIAUD HYIN WYY NN waun

~;o. 2 L}

voof

4111y M1

SANVIYIV TYNAIAIANI ¥0J NOILOWY J0 SdLVYA SILVYOIANI
0ST¢Y HDIHM NOILODY JONVNIALNIVW J0 NOILAYINLSIA JITdWYXYI

FT dTHYL

108



‘JuswexTiIay o5 X0Tag paarnbay suorjzoy abesn
pauT3yaq e 104 SUOTIOY SNOTIRA IOJ SOURUIJUTRK IOJ STINPayds afduwexy +gz aanbry

SUViA UVaNZIVD

S00Z 0002 <661 0661 <861 0861 se6t
T 1 T T Y T
o
o
_ —Jiwgmeayany -~
t 8 { 4 ¢
- 8 ~q -1 9
on MELI
t 8 | -4 v woriw
_ - a " K
AWAONTINGD OLVN 20VSN .
0061 UVAL ‘IVOS14 LMANWO e 104y il




{
| 1
x w« aizeey {
x x x " sLIwy
x x x « 10wy
x x % " niwe 10..
x x x 1 EYTCL ) ~
x ’ 12599
x x x t TrLeye
x x x x x | § [ 1% 44
x x % 111 r
b x x t wieyy
sl ol w) wlen] o] ol ¢ ’ $ i1 LS O SN IO W (PR B
NOLAYIOS SLSATINY
3T T (privemio}) [{T) (33103)
;
fAAvd

NVYId NOILDIASNI 086T ¥VAX IVOSIA TTJWVXI
ST JI9VL

s ket it ko



5.3 TRENDS IN USAGE

Usage trends have been extensively discussed in the previous
sections and their description will depend to a large degree on the
available data. If mission data is a part of the IAT or L/ESS
functions, then trends in the usage can be described by data tabu-
lations as in the example of Table 16 or in computer generated plot
as in the examples of Figures 29 through 32. For selected control
locations, usage trends can also be monitored in terms of standard-
ized crack growth (Figure 33) or distributions of calendar times to

maintenance actions (Figure 21).
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SECTION 6
SUMMARY AND CONCLUSIONS

The analyses performed by the University of Dayton during
Task 2 of the program were devoted primarily to error analyses in
the IAT function, sample size requirements in L/ESS and usage
change detection. IAT accuracy was defined in terms of the
appropriate analytical crack growth model. An analysis method
was formulated for the random errors associated with predicted

calendar times for a potential crack to reach critical size. A
parametric analysis based on recent data from an attack/fighter/
trainer aircraft indicated that large random errors are possible.
For maintenance action scheduling, more than 5 groupings would
be unwarranted.

Models were formulated for quantifying errors in potential
crack length when the IAT function is being accomplished from
forms and by cycle~-by-cycle stress computations. In the forms
(flight log) error model, the variation in potential crack length
estimates would be estimated from an aircraft (location) specific
crack growth equation and operational stress histories observed
during the L/ESS program. The variation in crack length esti-
mates using the cycle-by-cycle model results from the random
error associated with stress transfer and can easily be esti-
mated. It was shown that a significant bias error could result
from the cycle-by-cycle calculation method if the correlation
between stress at two locations is not very high.

A model was formulated for statistically evaluating the
quantity of data required (or available) in the L/ESS function.
The model is based on a standardized crack growth metric in which
it is assumed that the same potential crack size is present in all
flights (or excursions into a flight condition). The input
required to apply the model could be obtained as a routine L/ESS
output.




——

Usage change detection was defined as being a change in
operations, a change in stress magnitudes encountered, or a change
in rate of occurence of significant stresses. A method was postu-
lated (with examples) for detecting changes from IAT data and an
approach was outlined which would permit usage change detection
without multichannel L/ESS type data.

An analysis of the objectives of the L/ESS function
indicated that, in general, it is not necessary to collect and
process multichannel loads data from 10 to 20 percent of a force
on a ccntinuous basis. After the initial L/ESS, the objectives
can be met using the data of tne IAT program, periodic analysis
of auxiliary data, and, perhaps, limited data from new operations.
If a usage change is ¢f sufficient magnitude that it requires a
new DADTA, its occurrence will be known and a complete new L/ESS
will be justified. Therefore, it is recommended that the L/ESS
should last only through the data collection period required for
the initial evaluation of the design load sequences and the
and the update of the initial DADTA. To perform the L/ESS on a
continuous basis throughout the life of a force should require
special justification based on that aircraft's data requirements.
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